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DIGEST OF REPORT OF OHIO HIGHWAY TRANSPOR- 
TATION SURVEY 


Reported by J. GORDON McKAY, Chief of the Division of Highway Economics, Bureau of Public Roads 


HE Report of a Survey of Transportation on the 
State Highway System of Ohio has recently 
come from the press.' This report contains the 

results of highway-traffic studies of the State, county, 
and township road systems of Ohio conducted during 
1925 under a cooperative agreement between the 
Bureau of Public Roads, United States Department of 
Agriculture, and the Ohio State Department of High- 
ways and Public Works. 

The investigation was undertaken in order to obtain 
essential facts concerning traffic on Ohio highways as 
a basis for planning the development of the Ohio State 
highway system to serve present and future traffic. 

The conclusions are based upon the present density, 
type, loading, and distribution of traffic units and a 
traffic classification of State highways, upon present 
population and population trends, upon predicted 
future traffic, and upon an economic and physical 
analysis of other factors affecting the planning of a 
program of highway improvement. 

The first section of the full report contains a sum- 
mary of principal conclusions, the second contains the 
detailed data, and the third section the proposed plan 
of State-highway improvement indorsed by the Ohio 
State Department of Highways and Public Works and 
the United States Bureau of Public Roads. 

The highway-traffic studies upon which the report 
is based were conducted under the joint supervision of 
Thomas H. MacDonald, Chief of the Bureau of Public 
Roads, and George F. Schlesinger, director, and L. A. 
Boulay, former director of the Ohio State Department 
of Highways and Public Works. J. Gordon McKay, 
Chief of the Division of Highway Economics, Bureau 
of Public Roads, directed the work of the survey and 
preparation of the report, assisted by O. M. Elvehjem, 
EK. T. Stein, L. E. Peabody, and B. P. Root, all of the 
Division of Highway Economics, and Harry J. Kirk, 
State highway engineer, and Harry E. Neal, traffic 
engineer of Ohio. 

Of the approximately 11,000 miles of State highways 
on January 1, 1926, there were 5,194 miles that were 
improved with brick, concrete, asphalt, and bituminous- 
macadam surfaces, of which more than half had surfaces 
less than 18 feet in width, and approximately 400 miles 
were old and worn-out pavement under county main- 

tenance. Surface-treated macadam surfaces, of which 
there were 1,307 miles in 1925, will require re-treatment 
or reconstruction when the traffic materially increases. 
The remainder comprised 3,000 miles of gravel, slag, 
and stone and 1,282 miles of unimproved highways. 

The principal problems now confronting the State 
are the reconstruction of the old, worn-out surfaces, 
expensive to maintain, the widening of narrow pave- 
ments, the improvement of unimproved sections of the 
State system, the elimination of the most dangerous 
railroad grade crossings, and the distribution of present 
highway revenues satisfactorily to complete the State 
system of roads. 





; Copies of the full report may be obtained upon request from the Bureau of Public 
toads. 
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Anticipating the need for a definite program of recon- 
struction and development, and realizing the necessity 
of having as a basis for a sound plan of highway im- 
provement accurate data with respect to the traffic 
on the various sections of the State highway system, 
the Director of Highways and Public Works entered 
into an agreement with the United States Bureau of 
Public Roads to conduct a cooperative survey of trans- 
portation on the highways of the State. 
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CONCLUSIONS FROM SURVEY SUMMARIZED 


The results of the survey show that during the next 
five vears the State should reconstruct 1,220 miles of 
the State system, widen 1,594 miles, and build 1,707 
miles, the latter comprising 1,007 miles of. construction 
superior to gravel and 700 miles of traffic-bound im- 
provements. The cost is estimated at $100,000,000. 

On the basis of the traffic observed during the survey, 
it is estimated that the State highway system, which 
comprises 13 per cent of the total rural mileage, pro- 
vided highway service for a traffic of 2,160,435,000 
vehicle-miles, equal to 57.7 per cent of the total motor- 
vehicle traffic on the rural highways of the State in 
1925; that the county highways, which include 27.1 per 
cent of the rural mileage, provided service for 1,108,- 
870,000 vehicle-miles, 29.6 per cent of the total traffic; 
and that the township highways, which constitute 59.9 
per cent of rural mileage, provided service for 477,055,- 
000 vehicle-miles, or only 12.7 per cent of total rural 
traffic. The daily traffic on the State system averages 
over nine times that upon the county and township 
roads. These facts show the necessity of allotting a 
sufficient portion of total highway revenues to complete 
the improvement of the State system of highways. 

It is clearly shown by the survey that the principal 
routes of the State system, comprising what are known 
as the Federal-aid and main market systems, are with a 
few exceptions the most important traffic routes of the 
State. The improvement of these routes, however, has 
not up to this time been entirely consistent with their 
traffic importance. There are sections of gravel and 
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old, worn-out surfaces, narrow 9 to 16 foot pavements, 
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The survey clearly shows that the traffic using the 


as well as unimproved sections on these heavily trav- State system is predominantly city passenger-car and 


eled routes. 

The largest volume of motor-vehicle traffic is found 
in the areas adjacent to large centers of urban popula- 
tion and on the main, through-traffic routes. 

Of the 11,000 miles of the State highway system, 1.2 
per cent carried 2,500 or more motor vehicles per day, 
7.8 per cent carried 1,500 or more, 29.4 per cent carried 
600 or more, and 70.6 per cent carried less than 600 
vehicles per day in 1925. 





Pan AMERICAN HIGHWAY ENGINEERS AND BussEs IN WHICH 
Tuey INspecTeD Onto HIGHWAYs IN 1924 


The northeastern part of the State is the most impor- 
tant traffic area and is also the region of densest popu- 
lation, motor-vehicle registration, and industrial devel- 
opment. The southwestern area is very close to the 
northeastern section in traffic importance. The north- 
western and southeastern parts of the State are of least 
present and expected future traffic importance. 

Motor-truck traffic is an important part of total 
traffic on the principal routes. On the State system in 
1925, 2.7 per cent of the mileage carried 200 or more 
trucks per day, 5.7 per cent carried 150 or more, 13.1 
per cent 100 or more, and 27.5 per cent carried 60 or 
more trucks per day. Based on the traffic forecast, it 
is expected that by 1935 over 1,300 miles of State high- 
ways will carry 200 or more trucks per day, while 
comparatively small mileage is expected to carry from 
500 to 1,000 trucks a day. 

Four-fifths of the trucks operating on the State 
system are small units, 2% tons capacity or less. The 
comparatively small number large-capacity trucks 
and heavy loads observed may perhaps be attributed 
in a measure to the gross-load limitation of 20,000 
pounds fixed by law in the State. 

The average daily density of traffic in 1925 was 538 
vehicles on the State system, 132 on county highways, 
and only 26 on township roads, each mile of road of 
the State system providing traffic service more than 
equal to that of 4 miles of county and 20 miles of 
town roads. 

The Federal-aid system, slightly more than half the 
State system, carried 70.6 per cent of the daily traffic 
of the State system; the main market roads, approxi- 
mately one-third of the State-system mileage and in- 
cluded for the most part in the Federal-aid system, 
carried over half the traffic, and the principal routes of 
the system, 8.8 per cent of the mileage, carried over 
one-fourth of the traffic. 

Foreign traffic comprises but a small part of the total 
traffic except on the principal through-traffic routes. 
More than half of passenger-car traffic consists of cars 

used for business purposes. 





motor-truck traffic, farm-owned passenger cars and 
motor trucks making up only 12.4 per cent and 15.5 
per cent, respectively, of the total passenger-car and 
motor-truck traffic. The improvement and mainte- 
nance of State highways is, therefore, primarily the 
result of the demand for highway service by city motor- 
vehicle owners. 

The volume of traffic in a given area is principally 
produced by the population residing within a radius 
of 30 miles, since less than 30 per cent of the truck 
traffic and less than 40 per cent of the passenger-car 
traffic travels more than 30 miles. 


FUTURE TRAFFIC AND HIGHWAY REQUIREMENTS ESTIMATED 


The distribution of population is an important factor 
in planning highway improvements. Of the entire 
area of the State SO per cent has a population of less 
than 80 persons per square mile and is the home of 
only 22.7 per cent of the total State population, 
whereas the 9.4 per cent of the area that has a popula- 
tion of 160 or more persons per square mile includes 
69.3 per cent of the population of the State. 

These variations indicate marked differences in the 
necessity for highway service in the several parts of the 
State. In the densely populated areas the highway 
system should be planned to serve large volumes of 
traffic between the principal centers of population with 
tributary feeder routes connecting minor population 
centers with the primary traffic routes. These routes 
should be of sufficient width and improved with sur- 
faces adequate to carry the large daily volume of traffic 
as directly as possible ; obstructions to the free move- 
ment of traffic, such as railway crossings at grade, 
sharp curves, heavy grades, and congested traffic sec- 
tions should be eliminated, and by-pass routes should 
be constructed to avoid the traffic congestion which 
occurs when a main traffic route passes through the 
business center of small villages and cities. In the 
sparsely populated areas the volume of traffic is smaller 
and its sources more scattered. A connected system 
of main routes comprising a smaller mileage, improved 
with gravel or the lower types of paved surfaces where 
traffic warrants such improvements, should satis- 
factorily meet traffic requirements in these areas, 
except on the main through routes traversing them. 
The removal of obstacles to the easy movement of 
traffic is not an important problem in areas of low 

population and traffic, particularly when the expect- 
ancy of future traffic increase is small 

The density of traffic on the various roads of the State 
system has been used as the basis fo an estimate of 

traffic on the same roads in 1930 and 1935, applying for 
this purpose the relation between the increase in traffic 
on the highways and the ratio of population to motor- 
vehicle registration observed in other States. In 1925 
there was one motor vehicle for each 4.7 persons in 
Ohio. Extending the past trend of this ratio to 1935 
it is estimated that there will then be one vehicle 
for each 2.82 persons. On this basis the registration olf 
1935 is estimated at 2,607,000 motor vehicles, a regis- 
tration approximately twice as great as that of 1925 

As the yearly increase of motor-vehicle traffic on the 
highways has been found to be practically in direct 
proportion to the growth of motor-vehicle registration 
it may be expected that traffic on the State highways 
will increase 51 per cent between 1925 and 1930, and 
28 per cent between 1930 and 1935. 
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Types oF Roap ConsTRUCTED ON THI 

As a basis for the plan of highway improvement, the 
State highways are classified in three groups designated 
as major, medium, and minor traffic highways, accord- 
ing to their average daily traffic. Routes or sections 
of routes carrying 1,500 or more motor vehicles per day 
are classed as major routes, those carrying 600 to 1,500 
vehicles per day as medium routes, and those carrying 
less than 600 vehicles daily are classed as minor routes. 
The routes or sections of routes are classed in this way on 
the basis of the observed 1925 traffic, and the estimated 
traffic for 1930 and 1935 is employed in a similar man- 
ner to indicate the probable classification in those 
years. 

Experience in many States indicates that ordinary 
untreated gravel and similar surfaces can not be 
economically maintained when the traffic exceeds 500 
to 600 vehicles per day, and similar experience in Ohio 
points to approximately 600 vehicles per day as the 
limit. Above that traffic density the type and design 
of surface required are largely functions of the fre- 
quency of heavy loads, the choice of types including 
bituminous macadam for the lower densities and the 
several rigid types for roads of greater density. 
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If, on the basis of this experience, those sections of 
the Ohio State system which carry a traffic of 600 or 
more vehicles per day be considered as requiring a type 
of surface superior to untreated gravel, it is found that 
in 1925 over one-third of the 11,000 miles of the State 
system, or 3,852 miles, required such surfaces, and 10 
later, in based on the estimated traffic, 
approximately half the system, or 5,221 miles, should 
be so improved 


1935, 


vears 


THE METHODS OF THE SURVEY 

The traffic survev was begun in December, 1924, and 
continued for a period of one year. During the survey 
traffic data were recorded at 1,158 points on Ohio 
highways. At 358 of these points complete data were 
recorded one day each month during the year period. 
At the remaining 800 points counts of passenger cars 
and motor trucks were obtained on three days during 
the summer months. Data obtained included counts 
of passenger cars, motor trucks, motor busses, horse- 
drawn vehicles, foreign vehicles, and detailed truck 
and passenger-car data. Motor-truck data included 
the capacity of the truck, State of registration, place 
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Fic. 1.—AveERAGE Datty Density oF Motor VEHICLE TRAFFIC ON THE STATE HIGHWAY 


of ownership, origin, destination, type of origin and 
destination, commodity carried, and tire equipment. 
At alternate operations at 156 stations total gross and 
rear-axle weights were measured by means of portable 


scales. Passenger-car data included State of regis- 
tration, situs of ownership, purpose of trip, origin, 
destination, and number of passengers. 

Each operation consisted of a 10-hour observation 
period, alternating between 6 a. m. to 4 p. m. and 
10 a.m.to8 p.m. Special observers tabulated traffic 
between 8 p. m. and 6 a. m. at selected stations. Com- 
plete 24-hour observations were therefore available at 
these stations, which were made the basis of computa- 
tion of hourly variations in traffic and of average daily 
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traffic at all stations. Traffic observations for week 
periods were also made at selected stations to deter- 
mine variations in traffic by days of the week. Sea- 
sonal variations were computed from the monthly opera- 
tions at all stations. Stations were operated on a care- 
fully planned schedule which permitted operations on 
the various days of the week and prevented duplicate 
recording of traffic. 

Traffic was observed on practically all sections of the 
State highway system, and stations were so located as 
to enable close observation of the variations in traffic on 
various routes and sectionsof routes. Stations were also 
located on representative sections of the county and 
township highway systems in all sections of the State. 
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STATE SYSTEM CARRIES LARGE PERCENTAGE OF TOTAL TRAFFIC 


There are in Ohio approximately 84,884 miles of 
rural highway, of which, on January 1, 1926, 11,000 
miles were intercounty highways, constituting the State 
highway system. Of the remaining 73,884 miles, 
22,991 were included in the county system, and 50,893 
were township roads. Federal-aid highways included 
in the State highway system aggregated 5,899 miles 
and the main market road system 3,486 miles. 

Upon the 84,884 miles it is estimated that in 1925 
there was a motor-vehicle movement of approximately 
3,746,360,000 vehicle-miles. The relative importance 
of the State highway system is indicated by the fact 
that although it includes but 13 per cent of the entire 
rural road mileage, it carried 2,160,435,000 vehicle- 
miles, or 57.7 per cent, of the total motor-vehicle 
traffic during 1925. The average daily motor-vehicle 
traffic per mile upon the State highway system is over 
nine times that upon the county and township roads. 

The daily volume of traffic on different parts of the 
State highway system varies widely. The number of 
motor vehicles per average 24 hour day varied from 
5,583 on route U.S. 30, between Canton and Massillon, 
to a minimum of less than 20 vehicles on several unim- 
proved sections. The State highway system includes 
4,180 miles, on which the average daily motor-vehicle 
traffic per mile was less than 200 vehicles. County and 


town roads include a considerable mileage, on which 
the 


day. 


average daily traffic was less than 5 vehicles per 
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MILES OF HIGHWAY 
Fic. 2.—MILeaGeE or State Hicuways BY TraAFFiIc DENSITY 


CLASSES 


During 1925 the density of horse-drawn vehicles was 
recorded at all survey stations, but it was early ap- 
parent that their numbers were so few as to warrant 
no consideration in highway planning. The average 
traffic of horse-drawn vehicles on State highways is 
less than 7 per day. 

Motor-bus traffic is important on several of the 
State routes. It is, however, a specialized movement, 
and its volume on any highway is the product of several 
factors which have little effect upon other motor- 
vehicle traffic. Motor-bus traffic is, therefore, dis- 
cussed separately in the report, and the term ‘‘motor- 
vehicle traffic’’ refers only to passenger cars and motor 
trucks. 

The complete report shows the traffic density at each 
of the 1,158 points where traffic was observed during 
the survey and shows also, by counties, the routes 
upon which traffic was observed, the averge density 
of motor-vehicle traffic for a 24-hour day, the average 
daily density of motor-truck traffic, the normal maxi- 
mum traffic, and the estimated traffic for 1930. 

The average daily distribution of total traffic on the 
State highway system is shown in Figure 1. The more 
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important traffic routes of the State are apparent. 
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Figure 2 shows the mileage of State highways by traffic 
density classes 
PRINCIPAL 


rRAFFIC ROUTES DISCUSSED 








The largest volume of traffic of both passenger cars 
and trucks is found in the areas adjacent to large 
centers of urban population and on the main through 
routes. The concentration of traffic in the areas im- 
mediately adjacent to the larger cities of the State is 
apparent. The principal through routes are also clearly 
evident as broad bands serving wide areas in the State 
and connecting the important cities of Ohio and near-by 
States. The traffic importance of these principal 
routes is the result of local traffic of the area aug- 
mented by the traffic moving between larger centers 
of population. Among the more important of the 
through routes are the following: The Buffalo-Chicago 
Highway, crossing Ohio near its northern border, con- 
necting the Buffalo and Erie territory with Cleveland 
and surrounding cities, Toledo and other points in 
Ohio, and cities in Indiana, Michigan, and Illinois; 
the National Pike, from Bridgeport through Zanesville, 
Columbus, Springfield, and Dayton,? and connecting 
Wheeling and eastern points with central Ohio cities 
and with cities in Indiana, Illinois, and points west; 
the Lincoln-Harding Highway (route U. S. 30), 
through Canton, Mansfield, Marion, and Lima, con- 
necting Pittsburgh and Pennsylvania cities with the 
above cities in Ohio and with Indiana and Illinois cities 
to the west. Crossing the State in a north and south 
direction are the Dixie Highway, from Toledo through 
Dayton to Cincinnati, connecting Detroit and other 
Michigan cities with areas south of Ohio; the Scioto 
Trail, from Sandusky, via Marion and Columbus, to 
Portsmouth; the Cincinnati-Columbus-Cleveland (the 
“OC. C. C.’’) Highway; and the Cleveland-Marietta 
Highway, via Akron, Canton, New Philadelphia, and 
Cambridge. 


rth of Dayton, but due to the condition of sections 
on the route passes through Dayton. 


? The National Pike is routed r 
of this route west of Brandt traffic 
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The principal through routes coincide in general 
with the routes adopted for uniform marking by the 
American Association of State Highway Officials in 
November, 1926, referred to as United States num- 
bered routes, of which the most important east and 
west routes are U. S. 20, 30, 40, and 50, and the most 
important north and south, U.S. 21, 23, and 25. 

oute U. S. 20 from the Pennsylvania line follows 
the Buffalo-Chicago Highway west through Ashtabula, 
Cleveland, Elyria, Norwalk, and Fremont. A few 
miles west of Fremont it diverges from the present 
heavily traveled route and continues through Perrys- 
burg and Maumee rather than Toledo, thence north, 
crossing State route 2 (the present principal traffic 
route) and west to the Indiana line over a route at 
present carrying very light traffic. From Conneaut 
to Fremont traffic on this route averages 2,447 vehicles 
per day; from Maumee to the Indiana line but 297. 
When proposed improvements on this portion of route 
U. S. 20 are completed, through traffic will to a larger 
extent use this route in preference to route 2. 





A Truck AND TRAILER COMBINATION 


Route U.S. 30 follows the Lincoln and Harding High- 
ways across the State, from East Liverpool through 
Lisbon, Canton, Mansfield, Marion, Lima, and Van 
Wert. This route is already an important cross-State 
route, although east of Canton through traffic has 
followed the route via Salem and East Palestine rather 
than the route via Lisbon and East Liverpool, as the 
former provided a more completely improved route to 
Pittsburgh. Average traffic for the entire length of 
route U. S. 30 is 1,071 vehicles per day. 

Route U. S. 40, the National Pike, from Wheeling, 
W. Va., passes almost due west through Zanesville, 
Columbus, and Springfield to the Indiana line. The 
western end of the route is unimproved at present, 
with the result that through traffic detours via Dayton 
and Eaton. -Improvement of less than 20 miles in 
Preble County will open route U. S. 40 as a direct by- 
pass for through traffic north of Dayton. Traffic in 
1925 averaged 1,749 vehicles per day on the 159 miles 
from Brandt east to the Pennsylvania line. 

Route U. S. 50 crosses the State from Belpre via 
Athens, McArthur, Chillicothe, Hillsboro, and Cin- 
cinnati to the Indiana line and is one of the less im- 
portant United States routes, averaging but 452 
vehicles per day. It passes through few large centers 


of population and for much of its length is surfaced 
with gravel. 


Route U. S. 25, the Dixie Highway from the Michi- 
gan line north of Toledo to Cincinnati, is the most 
important north and scuth through route and is paved 
throughout practically its whole length. South of 
Franklin, in Warren and Butler Counties, the new 
route follows the most direct course between Dayton 
and Cincinnati. For 136 miles north of Franklin the 
average traffic is 1,743 vehicles per day. 

Route U. S. 23 crosses the State from the Michigan 
line, north of Toledo, to Portsmouth via Fostoria, 
Marion, Columbus, and Circleville. South of Marion 
it follows the Scioto Trail. On account of the relative 
lack of improvement in its northern portion, as com- 
pared with the Dixie Highway to Findlay, the traffic 
north of Carey is very light. Between Marion and 
Columbus traffic averaged 2,160, and between Colum- 
bus and Portsmouth it averaged 978 vehicles per day. 

Route U. S. 21, from Cleveland to Marietta, coin- 
cides with the old Cleveland-Marietta highway south 
of Newcomerstown and is located west of Canton and 
Akron to avoid the congested urban traffic of this area. 

The system of numbered United States highways in 
Ohio when improved will form a well-balanced network 
of the more important through-traffic highways of the 
State. Many of these routes will serve a large volume 
of local traffic. The total traffic on each route will 
depend very largely upon the population and develop- 
ment of the immediate areas which it traverses, and 
traffic upon those routes which pass through the 
sparsely populated sections of the State will continue 
to be small as compared with those routes which con- 
nect the important sources of local traffic. 

Of the 11,000 miles of the State highway system, 131 
miles, or 1.2 per cent of the total mileage, carried 
2,500 or more motor vehicles per day in 1925; 858 
miles, 7.8 per cent of the a carried 1,500 or more; 
3,239 miles, approximately 30 per cent of the total, 
carried 600 or more; and 7,761 miles, 70.6 per cent, 
carried less than 600 vehicles per day, of which 4,180 
miles carried less than 200, as shown in Figure 2. 

The routes carrying the largest daily volume of 
traffic are with few exceptions in the northeastern, 
northern, and southwestern parts of the State, and the 
routes of least traffic importance are in the south- 
eastern and northwestern sections. 

On the basis of traffic the State is divided into five 
separate traffic sections, each of these sections being 
subdivided in the order of their traffic importance into 
two or more divisions, somewhat comparable with the 
distribution of population and industry. Table 1 
shows the mileage of State highways, by traffic classes, 
in the five traffic sections. 


TABLE 1.—Mileage of State highways, by traffic classes, in the 
five traffic sections 


Daily traffic, | Daily traffic, | Daily traffic, 
over 1,500 600 to 1,500 | less than 600 
vehicles vehicles vehicles 
| 
| 


All State high- 
ways 
Section 
Per cent 
of total 
miles 


Per cent} \Per cent) 
Miles | of total | Miles | of total ; Miles 
miles | miles 


’ \Per cent 
Miles | of total 
miles 
Northeastern 25 
Southwestern 6. 


’ 836 
East-central x, 


202 
265 
679 
399 | 


100.0 | 2,381 


454 
133 
86 
162 
23 


858 


Southern 25. 


100. 


6 

7 

. 5 

Northwestern_-...| 3, 30.9 
2, 1 

0 





State total___| 11, 000 | 
| | 
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TRUCK TRAFFIC AN IMPORTANT FACTOR 


Although motor-truck traffic on the State highway 
system is only 9.5 per cent of total motor-vehicle 
traffic measured in vehicle-miles, motor-truck traffic 
is an important factor in highway-traffic planning. 

The average gross weight of motor trucks using the 
State system is over twice that of passenger cars, 
while maximum motor-truck weights are four times 
the maximum weights of passenger cars. The impor- 
tance of the motor truck is further emphasized by the 
fact that many trucks are equipped with cushion and 
solid tires, which are much less effective in cushioning 
the impact of the wheels than the pneumatic tires 
with which the passenger cars are equipped. A study 
of the rear-wheel tire equipment of motor trucks using 
the State highway system shows that 15 per cent of 
all the trucks are equipped with solid tires and a like 
percentage with cushion tires, and that 95 per cent of 
the 3 to 7% ton trucks are equipped with cushion or 
solid tires on the rear wheels. 

Since motor trucks carry heavier gross loads than 
passenger cars, and the larger capacities are equipped 
with solid or cushion tires, and because the trucks do 
not have the refinements in shock-absorbing devices 
and spring equipment possessed by the passenger cars, 
the motor truck, where it forms an appreciable part of 
motor-vehicle traffic, presents a special problem for 
the highway builder. 

The average daily density of motor-truck traffic 
varies greatly on different routes and in various parts of 
the State. Of the 11,000 miles of State highways, 299 
miles, 2.7 per cent of the total, carried in 1925, 200 or 
more trucks per day; 629 miles, 5.7 per cent, carried 150 
or more; 1,442 miles, 13.1 per cent, carried 100 or more; 
3,019 miles, 27.5 per cent, carried 60 or more; and 7,981 
miles, 72.5 per cent, carried less than 60 trucks, of which 
5,305 miles, 48.2 per cent, carried less than 30, as shown 
in Figure 3. On routes carrying a small average daily 
truck traffic, especially those on which there are less 
than 30 trucks, and many sections on which the daily 
density ranges from 30 to 59 class the number of trucks 
is practically negligible in planning highway improve- 
ments. An improvement sufficient for passenger-car 
traffic will, with but few exceptions, prove satisfactory 
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Fic. 3.—MILEAGE oF StTaTE HiGuHways CARRYING VARIOUS 
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for the small-capacity trucks using these routes. On 
those routes carrying 60 or more, and particularly the 
routes carrying 100 or more, the motor truck becomes an 
important factor in planning the improvement of the 
highways. 

Sections of highway which have a traffic of more than 
200 trucks per day include 299 miles, or 2.7 per cent, of 
the total State highway mileage. On the basis of the 
traffic forecast there will be 841 miles of State road in 
1930 and 1,351 miles in 1935, on which the motor-truck 
traffic density will exceed 200 trucks per day. 

U. S. route 30, Massillon to Canton, carries an 
average of 485 trucks per day, which is the highest 
truck density on any section in the State. In the 
forecast for 1935, truck traffic on this route is estimated 
at 1,000 per day. Highway sections carrying from 150 
to 200 trucks per day comprise 330 miles, or 3 per cent, 
of the total mileage of State highways. 





MILK AND OTHER Datry PrRopucts ARE AMONG THE PRIN- 
cIpAL ComMMopiITIES HAULED BY TRUCKS 


CITIES INFLUENCE TRUCK TRAFFIC 


The more important of the five traffic sections shown 
in Table 1, from the standpoint of motor-truck density, 
are the northeastern section, where the average daily 
density of motor trucks is 77 per mile of State highway, 
and the southwestern section with a density of 75 trucks. 
The corresponding density is 53 in the east-centra, 
section, and 36 in the northwestern and southern 
sections. 

The comparative importance of the northeastern 
section is further emphasized by the fact that this 
section includes 25 per cent of the total mileage of State 
highways. The southwestern section, although of 
almost equal truck traffic density, includes only 7 per 
cent of the mileage of State highways. The north- 
western and southern sections, with a density of only 
36 trucks per day, include 56 per cent of the State- 
highway mileage. 

The size, location, and industrial development of 
cities and towns determines very largely the volume 
of motor trucking on routes in the several sections of 
the State. Centers of population and industry are the 
main source and destination of goods transported by 
motor truck, and the principal trucking routes are those 
serving the terrritory adjacent to the larger cities and 
those routes connecting centers of population. 

The influence of large cities on motor-truck traffic 
is clearly shown by the data collected. The nine largest 
cities in the State, in order of population, are Cleveland, 
Cincinnati, Toledo, Columbus, Akron, Dayton, Youngs- 
town, Canton, and Springfield. Around these cities 
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with one or two exceptions, is found the greatest volume 
of motor-truck traffic. The influence of large cities 
upon truck traffic in the five sections of the State is 
shown in Table 2. 

It is apparent that the high density of truck traffic 
per mile on the State roads of the northeastern and 
southwestern sections is caused by the large cities in 
these areas. The two sections, which together include 
30 per cent of the total area of the State, include 58 
per cent of the cities of over 10,000 population. The 
northwestern and southern sections, the least important 
regions of truck traffic, contain 58 per cent of the area 
and include only 24 per cent of the cities of over 10,000 
population. 





A Typicat RoApstipE MARKET 


The more important trucking areas, the northeastern 
and southwestern sections, have five of the seven‘cities 
between 30,000 and 100,000 population, and six of the 
seven cities of over 100,000 population. Cleveland in 
the northeast and Cincinnati in the southwest are the 
predominating traffic influences in these two regions. 

The motor-truck registration per square mile, shown 
in Table 2, indicates the concentration of trucks in the 
southwestern and northeastern sections. The com- 
paratively low registration per mile in the three remain- 
ing sections, especially in the southern section, again 
reflects the relatively small number of large centers of 
population and industry and accounts for the lower 
truck-traffic density in these areas. 

Figure 4 shows the distribution of motor trucks by 
capacity groups, Figure 5 the distribution of loaded 
motor trucks by gross-weight groups, Figure 6 the 
mileage of State highways carrying various numbers of 
3 to 7% ton trucks, and Figure 7 the distribution of 
motor trucks by capacity classes in the five traffic 
sections of the State. 


TABLE 2.—Average truck-traffic density on State roads in the five 
traffic sections of the State compared with the relative area of the 
sections, their truck registration per square mile, and the number 
of cities over 10,000 population in each 





| Truck ities over 10,000 population, by 

















Per- Sona population classes ! 
Aver | centage stro ——— 
Section | truck- |f total) ‘por Total | | 
traffic | ,27€9 | s¢ 10,000 | 30,000 | Ov 
Senin, | tn the | Poe ne | oto | ety 
ne Bt (1924) |Num- Per | 30,000 | 100,000 | 1%” 
ber | cent 
Northeastern... _.-. 77 24 7.9 22 44 15 3 4 
| wee ne Baia 2 : 10.9 7 14 3 | 2 2 
ast-central ........| i 1 2.5 9 18 _ | ee Serene 
Northwestern... __. 36 30 2.3 7| 14 5 | 1 1 
Southern -.........- 36 | 28 1.3 5 10 4 fe 
eicdcdecces 51 100 3.9 50 100 36 | 7 7 


! United States census of 1920. 
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Fig. 4.—DistRIBUTION Or Motor Trucks BY CAPACITY 
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Fic. 5.—DIstriIBuTION oF LOADED Motor Trucks BY 
Gross-WEIGHT GROUPS 


It is possible that the high density of motor-truck 
‘traffic in the important traffic areas of the State will 
eventually present problems difficult of solution. 
Routes having a large number of motor trucks also 
carry a large number of passenger cars. On such 
routes, unless supplementary highway facilities are 
provided, serious congestion problems will develop. 
The mileage subject to this danger is not large. In 
1925 there were only 15 miles of State highway on 
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which the density of motor-truck traffic exceeded 400 
trucks per day and only 87 miles where the daily density 
was greater than 300 trucks. 

The relief of congestion which will probably result on 
a few sections of the State system undoubtedly lies 
in increasing the width of road and creating separate 
lanes for truck traffic or in the construction of parallel 
routes. In either case the segregation of passenger- 
car and motor-truck traffic would speed up passenger- 
car traffic and eliminate congestion caused by heavy, 
slow-moving vehicles. 


HIGHWAY UTILIZATION 


During 1925 traffic of passenger cars and trucks on 
the 84,884 miles of rural highways in Ohio was approxi- 
mately 3,746,360,000 vehicle-miles. The distribution 
of traffic varies greatly on the several highway systems, 
on sections of each system, and in the several traffic 
areas of the State. The three classes into which the 
rural highways of the State are divided are State 
highways, of which there are 11,000 miles, county 
highways, which total 22,991 miles, and township 
highways, of which there are 50,893 miles. The dis- 
tribution of vehicle mileage on each of these systems 
or their traffic use is shown in Table 3 and Figure 8. 

The State highway system, 13 per cent of the rural 
highway mileage, carries 57.7 per cent of the traffic 
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TABLE 3.—Motor-vehicle utilization and mileage of Ohio rural 
highways, by nS 




















or | Per 
: ¥i he | Daily | Annual cent of irae 
Highway system (Mileage thtal || vehicle- | — vehicle- total t ~ fl 

aca}! Miles | miles vehicle-| Tau 
mileage miles density 
State highways 11, 000 13.0 5, 919, 0 000 | 2, 160, 435, 000 57.7 538 
County highways. 22, 991 27.1 3, 038,000 , 1, 108, 870, 000 29. 6 132 
Township highways_| 50, 893 59.9 | 1,307,000 477, 055, 000 12.7 26 
Total 84, 884 100.0 | 10, 264,000 | 3, 746,360, 000 |) Dae 





1 Motor vehicles refer to passenger cars and trucks only, excluding motor busses. 


measured in vehicle-miles. Contrasted with this sys- 
tem is the township highway system sg 59.9 per cent 
of the highway mileage and only 12.7 per cent of the 
vehicle mileage. 

The average daily density of traffic on the State 
system is 538 vehicles, on the county system 132, and 
on township roads only 26. 

The distribution. of highway mileage and vehicle 
mileage by highway systems in each of the five sec- 
tions of the State is shown in Table 4 
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in the northeastern section of 
the State, comprising 25.6 per cent of the State high- 
way mileage, carry 38.3 per cent of the total traffic on 
the State highway system. In the southwestern sec- 
tion there is 6.7 per cent of the State highway mileage 
which carries 9.6 per cent of total traffic on the system. 
In conteast with these areas is the southern section, 
with 25.1 per cent of the State highway mileage and 
only 16.1 per cent of the total traffic on the system. 
Variations in traffic on the county and township system 
in the five regions are almost equally pronounced. 

Traffic on the State highway system also varies 
greatly on the different routes, ranging from more than 
5,500 vehicles per day on the heaviest route observed 
to less than 50 vehicles per day. The daily use of 
selected sections of the State highway system is shown 
in Table 5 and Figure 9 
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highways in the five traffic sections 









































































































: Per cent : Per cent | Average 
Highway systems and sec- | Mileage | Grnigh- Daily | ofaaily | daily 
tions of State | of high- | “way vehicle- | vehicle- | density 
| ways | mileage miles miles | of traffic 
State highways: | 
Northeastern --....------- 2, 821 25.6 2,268,000 | 38.3 804 
Southwestern ___...._---- | 736 6.7 571, 000 | 9.6 776 
East-central..........---- | 1,285 ‘11.7 650, 000 11.0 506 
Northwestern _-___....-.-- 3, 402 30.9 1,478,000 25.0 434 
a 2, 756 25. 1 952, 000 16.1 345 
RR states 11, 000 100.0 5,919, 000 100. 0 | 538 
County highways: | 
Northeastern... ..-_-.--- 5, 916 25.7 | 1,128,000| 37.1 191 
Southwestern ---.._----- #: 1,788 | 7.8 353, 000 | 11.6 197 
Fast-central.............- 2, 654 | 11.6 319, 000 10.5 120 
Northwestern. --_-._-.---- 7, 547 32.8 814, 000 26.8 108 
| 5, 086 | 22.1 424, 000 | 14.0 83 
Total...........-------]| 22,991] 100.0 3,038,000 | 100.0 132 
Township highways: | 
Northeastern-.-......-.-- 10, 625 20.9 428, 000 | 32.8 40 
Southwestern - -....----- 2, 579 5.1 102, 000 | 7.8 39 
0 | 7, 372 14.5 184, 000 | 14.1 25 
Northwestern --__--.-.--- | 14, 889 | 29. 2 326, 000 | 24.9 22 
| ee | 15, 428 | 30.3 267, 000 | 20. 4 17 
ee 50,893 | 100.0 1,307,000} 100.0 26 
All highways: Bae eA | 
Northeastern---.._- 19, 362 22.8 3,824,000 37.3 197 
Southwestern - -.__- 5, 103 6.0 | 1,026,000 10.0 201 
Fast-central-_._...-.---- 11,311 13.3 1, 153, 000 11.2 102 
Northwestern ___-_-_- 25, 838 30.5 | 2,618,000 25.5 101 
Southern... --- diese 23, 270 27.4 1, 643, 000 16.0 71 
Btnte total... .........<- 84, 884 | 100.0 | 10, 264,000 | 100.0 121 
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Fig. 9.—PERCENTAGES OF THE TOTAL VEHICLE MILEAGE ON 
THE INTERCOUNTY SYSTEM THAT IS CARRIED BY THE FEDERAL- 
Arp AND Marin Market HIGHWAYS AND/BY, THE PRINCIPAL 

RovuTES OF THE STATB, AND THE MILEAGE OF THE SEVERAL 
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TaBLE 4.—Motor-vehicle utilization and mileage of Ohio rural Tasie 5.—Average daily traffic on selected sections of the State 


highway system 
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way | way miles highway| high- | traffic 
system|system| system | ways 

Federal-aid system!| 5,899 | 53.6 .9 | 4,177, 000 70. 6 40.7 | 708 
United States high- | | 

ae 1, 878 17.1 2.2 | 1,848,000 |- 31.2 | 18.0 | 984 
Main market roads-| 3,486 | 31.7 | 4.1 | 3, 158, 000 53.4 30. 8 906 
Selected principal 

ey Se 970 8.8 1.1 | 1,645, 000 27.8 | 16. 0 1, 696 
State highway sys- | 

Wvessesctmanaes 11,000 | 100.0 13.0 | 5, 919, 000 100. 0 | 57.7 538 

| 





1 With few exceptions the Federal-aid system includes all United States highways 
and main market highways as well as the roads designated as principal routes. 


The Federal-aid system, slightly more than half the 
State system, carries 70.6 per cent of the daily traffic; 
main market roads, approximately one-third the mile- 
age, carry over half the traffic; and the principal routes, 
8.8 per cent of the mileage, carry over one-fourth of the 
traffic. These divisions of the State highway system 
indicate clearly the variation in traffic on this system. 

The distribution of passenger-car and motor-truck 
traffic on the different highway systems is shown in 


Table 6. 


TABLE 6.— Motor-truck and passenger-car utilization of Ohio rural 
highways, by systems 

















| f 
| | Ratio 
Per cent 
+ | Per cent : | of truck- 
. Daily | of total | Daily | of total | rites to 
System truck- | truck- | passenger- | passen- | total 
miles miles car miles | ger-car | \ohicj 
Q | “miles | Vehicle- 
| miles 
oe aoe ae: = 
State highways............-- 565,000| 54.1) 5,354,000) 58.1) 9.5 
County highways----....-.--- 332, 000 | 31.8 | 2,706,000 29.3 | 10.9 
Township highways-.-...-.---- 147, 000 14,1 1, 160, 000 12. 6 | 11.2 
. | ere eerener 1, 044, 000 | 100.0 | 9,220,000 100.0 10.2 


\ | 


Motor-truck traffic on the township system, and to a 
lesser degree on the county system, is almost exclu- 
sively made up of small-capacity trucks, while on the 
State system is includes a larger proportion of medium 
and large capacity trucks. 

There is also considerable variation in the relative 
number of passenger cars and trucks on different routes 
of the State highway system. Motor trucks vary from 
less than 6 per cent to more than 20 per cent of total 
number of vehicles. The extremes of the range are 
found on routes of minor traffic importance; on nearly 
all the important traffic routes the percentage falls 
between 7 and 11. Passenger cars are found to be 
relatively more important on the principal through 
routes, and the greatest proportion of trucks is found 
on important routes in the industrial areas which are 
not a part of these through routes. 


FORECAST OF HIGHWAY TRAFFIC 


A knowledge of future traffic, in so far as it can be 
predicted with reasonable accuracy, is essential in the 
establishment of a sound plan of highway improvement. 
A forecast based directly upon past traffic trends is not 
possible, since there is no historical series of highway- 
traffic records in Ohio. Such records are available in 
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the States of Maine, Maryland, Massachusetts, Michi- 
gan, and Wisconsin. Highway traffic and motor- 
vehicle registration in each of these States have 
increased at approximately equal rates, as shown in 
Figure 10. The great variations in industrial and 
agricultural development, in population, in motor- 
vehicles registration, and in the period of the series 
apparently have had no effect upon the relationship 
between the rates of traffic increase and motor-vehicle 
registration growth. 
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NOTE: SINCE THE MAGNITUDES INVOLVED IN THE 
DATA VARY GREATLY, THEY HAVE BEEN PLOTTED 
ON LOGARITHMIC SCALES. THE RESULTING 
CURVES HAVE BEEN MOVED VERTICALLY 4 
TO PERMIT EASY COMPARISON OF THE - 
RATES OF INCREASE OF TRAFFIC 
AND REGISTRATION IN THE 
SEVERAL STATES. 
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Fic. 10—Trenp or HiauHway Trarric AND Moror- 
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In the absence of any comprehensive historical series 
of traffic records in Ohio it has therefore been assumed 
that highway traffic in Ohio is increasing directly with 
the increase in motor-vehicle registration. 

The increase of motor-vehicle registration is a func- 
tion of two variables: (1) The increase in population, 
and (2) the increase in ownership and use of motor 
vehicles in proportion to population, measured by the 
number of persons per motor vehicle. The past trend 
of both of these factors may be determined from avail- 
able records. 

Population changes are measured accurately by the 
decennial census and intercensal estimates made by 
the Bureau of the Census. Population, by years, as 
estimated by the Bureau of the Census, from 1913 to 
1923 and estimates calculated by extension of the census 
method for 1924 to 1930 and for 1935 is shown in Table 7. 

The growth of motor-vehicle registration in propor- 
tion to population, i. e., the decrease in persons per 
car, appears to follow the same general characteristics 
as the growth of population, an early growth slow in 
number of vehicles but rapid in rate of increase followed 
by a gradual decrease in the rate of growth. 

The number of persons per car in Ohio during the 
years 1913 to 1925 and the extension of the trend of 
persons per car to 1935 is shown in Figure 11. The 
estimated number of persons per car for each year is 
shown in Table 7. 

Combining estimated population and _ estimated 
number of persons per car for each year, the predicted 
registration for each year is obtained. These estimates 
are also shown in Table 7. 
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TABLE 7.—Comparison of population and number of motor vehicles 
in the State of Ohio 


Registration } 


(thousands) Persons per car 





| Popula- 
Year _| tion! 
a _ 

’ sti- | sands) nen Esti- 

Actual mated | Actual | mated 
86 86 | 5,095 59. 24 | 59. 24 
123 127| 5,197 42. 60 40. 92 
181 179 | 5, 299 29. 28 29. 60 
252 245 | 5, 402 21. 44 22. 05 
347 324] 5,504 15. 86 16. 99 
413 416 | 5, 606 13. 57 13. 48 
511 521 5, 708 11.17 10. 96 
621 637 5, 810 9.36 9. 12 
721 763 | 5, 913 8. 20 7.75 
859 897 6, 015 7.00 6.71 
1,069 1,088 | 6,117 5. 72 5.89 
1, 242 1,181 | 6, 219 . O1 5. 27 
2 1,346 1, 329 6, 321 4.70 4.76 
21, 480 1,475 eS ee a 4. 36 
Bie 1, 621 6, 526 cers: 4.03 
1, 763 et ees 3.76 
1, 902 ee io. .552-. 3. 54 
2,035 | 6,833 3. 36 
2,607 | 7,344 283 





|} fy OEE | ---- 2 a= ne 
| 


! Population as of July 1 of each year. 
* Data not available when forecast was made. Estimate differs by 1.3 per cent 
rom actual value in 1925, and by 0.3 per cent in 1926. 
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Fig. 11.—Tuer NumBer or PERSONS PER CAR IN OHIO FOR 
THE YEARS 1913 To 1935 (Basep oN EstTIMATED Popvu- 
LATION FOR INIERCENSAL YEARS) 


On the basis of these predictions it is estimated that 
motor-vehicle registration in 1930 will be 2,035,000, 
with 3.36 persons per car, and in 1935, 2,607,000, with 
2.82 persons per car. The increase in motor-vehicle 
registration between 1925 and 1930 is therefore ex- 
pected to be 51 per cent and the increase between 1930 
and 1935, 28 per cent. 

The rate of population change varies greatly in differ- 
ent sections of the State, as does also the present num- 
ber of persons per car. 

The rates of decrease in persons per car within these 
areas, however, follow the same principle and are 
therefore in close agreement. 

To allow for differences in the rate of population 
change and for differences in the present number of 
persons per car in the various sections of the State, the 
number of persons per car, based on estimated popula- 
tion and actual motor-vehicle registration in 1925, 
was obtained for each county of the State. To this 
1925 value for each county was applied the rate of 
decrease in persons per car for the State between 1925 
and 1930. The estimated registration for each county 
in 1930 was calculated by applying the estimated num- 
ber of persons per car in 1930 for each county to the 
estimated 1930 population of that county. From the 
actual county registration in 1925 and the estimated 
registration in 1930 the percentage increase in regis- 

(Continued on page 88) 











ANALYSIS OF CONCRETE ARCHES 


PART I.—DERIVATION OF FORMULAS AND ANALYSIS OF SYMMETRICAL ARCHES 


By W. P. LINTON, Highway Bridge Engineer, and C. D. GEISLER, Associate Highway Bridge Engineer, United States Bureau of Public Roads! 


RACTICALLY all arches are designed by tenta- 
P tively proportioning the structure using an 
empirical formula, or basing the design on the 
results of previous experience, and then computing the 
stresses in the tentative design and making such 
changes as seem to be desirable. This is the procedure 
followed generally in the design of framed structures, 
but in the case of arches it is a tedious and complicated 
process. In 1909 the first-named author attempted to 
systematize this procedure by developing a standard 
set of forms for tabulating the computations in such a 
way that the work is as nearly mechanical as possible 
and both the labor and the probability of error is 
greatly reduced. It has been found possible to develop 
a method whereby much of the work is the same for all 
arches and the results of this portion of the compu- 
tations can be placed on the tracings which are used for 
printing the forms. The method has been in use since 
1909, and it has been found to be satisfactory in practice. 
No attempt will be made to discuss procedure in 
determining the curve of the arch ring or its thickness 
at various points, as the method of calculation pre- 
sented here may be used in combination with any of the 
empirical or semirational formulas found in various 
textbooks. The derivation of the formulas on which 
the method is based is not greatly different from that 
found in other places. It is not necessary that these 
derivations be at hand when using the forms for arch 
design, but they are included for convenience and 
completeness. The engineer who is familiar with arch 
design can proceed at once to the explanation of the 
forms under the heading, Calculations for a Symmet- 
rical Arch. 
x=z2 & 
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NOMENCLATURE 


The following is the nomenclature used in this dis- 
cussion. Figures 1, 2,3, and 4 also illustrate the mean- 
ing of many of the symbols, and in each of these figures 
the origin of coordinates is taken at the left support. 
All dimensions are in feet unless otherwise stated. 


A,=the area of the concrete in a radial section of the arch 


ring. 
A,=the area of the steel in a radial section of the arch ring. 
A=A-.+A,. 
a=the horizontal distance from the origin to the point of 


application of a concentrated load. a=k 9 when 
the span is divided into a number of equal parts, each 
equal to dx. 





_ |! The method of arch analysis described in this 
in preparing the articles for publication. 
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1! LyA : ‘ 
B= 9 B2A(1 — a), a term in the denominator of the 
0 ad . 
equation for V, for unsymmetrical arches and is 
independent of the loading. 


l > tans 
C= - zy (y — a) +2 cone, a term in the denomi- 
nator of certain equations and is independent of the 
loading. 
d’=the distance from the center of the reinforcing steel to 
the surface of the concrete. 
Di=the- change in the span length due to deformation of 
the arch ring. 
Ds=the change in the length of the arch axis due to de- 
formation of the arch ring. 
Dr=the change in the relative elevation of the supports due 
to deformation of the arch ring. 
D(dx)=the change in length of dx due to deformation of the 
arch ring. 
D(ds) =the change in length of ds due to deformation of the 
arch ring. 
De=the change in the angle between the end tangents due 
to deformation of the arch ring. 
D(do) =the change in the angle dd due to deformation of the 
arch ring. 
D(dy) =the change in length of dy due to deformation of the 
arch ring. 
E= Young’s modulus of elasticity. 
E.= Young’s modulus of elasticity for concrete. 
E,= Young’s modulus of elasticity for steel. 
e=the coefficient of expansion due to a change of tem- 
perature. 
F=a term in the denominator of the equation for V,. 


_ 2s ZzA : 
F= 522A | z— SA for unsymmetrical arches and 
<0 ~ 
1 
2 
f-=the stress in the concrete. 
f.,=the stress in the steel. 


U >» 
G= I B2A(y — yo 


F= 22A— 200 2A for symmetrical arches. 


oM- 


ZA 
equation for V, in unsymmetrical arches. 
pendent of the loading. 

H=the horizontal thrust; that is, the horizontal component 
of the thrust 7. 
H,=the horizontal thrust at the left support. 
H,=the horizontal thrust at a point distant x from the left 
support. 
H,=the horizontal thrust caused by a change of temperature. 
h=the thickness of the arch ring at any point. 
I=the moment of inertia of a radial section of the arch 
ring about the axis of the arch ring. 
I.=the moment of inertia of the concrete in a radial sec- 
tion of the arch ring about the axis of the arch ring. 
I,=the moment of inertia of the reinforcing steel about the 
axis of the arch ring. 
I,=the moment of inertia of the steel about its own axis. 
j=the distance from the axis of the arch to the center of 
the reinforcement. 


); a term in the denominator of the 


G is inde- 


a pe, aes , 
= when the span is divided into a number of equal 


parts each equal to dz. 
l=the span of the arch axis. 

M=the bending moment. 

M,=the bending moment at the left support. 

M,=the bending moment at a point a distance x from the 
left support. 

M,=the bending moment caused by a change of temperature. 

m,;=V,.«—=P(x—a), a term which would be the bending 
moment if the arch were a simple beam on two sup- 


ports. When P is unity, mz=[V .z— (em). 








article and the one to follow on unsymmetrical arches was developed by W. P. Linton. C. D. Geisler collaborated 
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N=the normal component of the resultant forces acting on 
a radial section of the arch ring. 


E,_ 
a1. 


P=4 ‘vertical concentrated load. 


n= 


p=" the average stress on a radial section. 


r=the difference in elevation of the two supports. 
for a symmetrical arch. 
s=the length of the arch axis. 
ds=the length of one division of the arch axis. 
T =the resultant thrust on a radial section of the arch. 
t=the number of degrees of rise or fall of temperature. 
u=the eccentricity of the normal thrust N. 
V=the vertical component of the thrust 7’ at any section. 
V.=the vertical reaction at the left support. 
V,=the vertical component of the thrust 7 at a point 
distant x from the left support. 
dx 


x=the abscissa of any point on the arch axis. x=z 5} 


dx=the horizontal projection of one division of the arch axis. 
y=the ordinate of any point on the arch axis. 
dy=the vertical projection of one division of the arch axis. 


r=0 


== when the span is divided into a number of equal parts 
each equal to dz. 


16s 
oe 


@=the angle between the end tangents to the arch axis 
(fig. 3). 


A 


>=the summation of all terms between the left support and 
° the concentrated load distant a from the left support. 


~=the summation of all terms from the concentrated load 
@ to the right support. 


1 
x=the summation of all terms from one support to the 








° other. 
t . . . . 
===. When no limits are specified, it is understood that 
° the summation is to be taken from one support to 
the other. 
@=the angle which any radia] section makes with the 
vertical. (See fig. 3.) 
— x Mx 
) — 
P 
et CL 
~ 7 
Ho af | 
Mo 
a 
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Fig. 2.—HinGELEss ArcH AcTED Upon sy Loap P 
DERIVATION OF FORMULAS 


A. hingeless arch is statically indeterminate, that is, 
the stresses in it can not be computed from the prin- 
ciples of statics alone. Let Figure 2 represent a portion 
of a hingeless arch acted upon by one or more loads P 
and held in equilibrium by the forces and moments 

49354273 
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shown. There are six unknown quantities H,, V,, 
M,., H., Vz, and M,, but only three independent 
equations can be written from statics. For a single 
vertical load these equations are as follows: 


H.=H.. 
V.=V.—P. 
M,= M,+V,2—H, y—P(e—a). 


To determine the six unknown quantities, three 
additional equations must be supplied from some other 


source, and they may be derived by considering the 
elastic properties of the arch ring. 

















Fic. 3. 


DIAGRAM FOR UsE IN DERIVATION OF FORMULAS 
FOR STRESS IN AN EwLAstic ARCH 


Referring to Figure 3, let ABCD represent a very 
small portion of the arch ring, cut out by radial planes 
AB and CD. Let the length of this small segment, 
measured along its center line, be ds and let the angle 
between the planes AB and CD be dd. Both ds and 
d@ are very small, and since the depth AB of the arch 
ring is small compared with the radius BG, the lengths 
AC and BD may be considered equal to ds without 
appreciable error in the results. 

When the arch is subjected to loads or a change of 
temperature, there will be stress and deformation in 
the element ABCD. If we consider ABCD to be 
separated from the rest of the arch ring, the internal 
stresses in it must be held in equilibrium by external 
forces, so let us assume that 7’ is the resultant of all 
the external forces acting on the plane AB and N the 
component of 7 perpendicular to AB. There is also 
a component of 7 parallel to AB, but it will cause only 
shear in the arch ring, which will be small and may be 
neglected. Neglecting the component parallel to AB 
is equivalent to assuming that N is the resultant, which 
we shall do. The forces acting on the plane AB are 
of course not concentrated in N, but are distributed 
over the plane, and we shall assume that they vary 
uniformly from the value at A to the value at B. Then 
if A is the area of the plane AB, the unit force or the 


unit internal stress acting at A will be (+ ary and 


N Mh 
at B, (4- 21 ) 


M, the bending moment is equal to Nu, u being the 
distance from the axis of the arch to the line of action 
of N. M is considered positive when wu is positive, that 


is, when N acts above the axis of the arch, and nega- 
tive when w is negative. 
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Consider first the elasticity of only the element 
ABCD and assume that the arch is fixed at the point 
L and free to move at point O and that the entire ring; 
with the exception of the element ABCD, is rigid. 
The plane CD will then be fixed and the plane AB will 
move until the internal stresses in the element ABCD 
are in equilibrium with the bending moment M and 
the thrust N. The plane AB will move to some posi- 
tion as A’B’. The unit stress in the extreme fiber AC 


will be (4+ aT » and since we can assume the length 
of this extreme fiber to be equal to the average length ds 


. of the element, the distance AA’ willbe — (4 + 3 i - 
Likewise the unit stress in the fiber BD will be 


(4 = ar end the distance BB’ willbe -4 3 =F ds in 


E 
which E£ is the modulus of elasticity of the material 
comprising the arch ring. AA’ and BB’ are both nega- 
tive quantities because they represent decreases in 
the lengths AC and BD, respectively, and as it is 
assumed that JN is positive, minus signs must be placed 
in front of the two quantities, as shown. 

The movement of the plane AB may be considered 
as taking place in two separate stages: First, as mov- 
ing along the axis of the arch ring from E to I’, during 
which it remains parallel to its original position; and 
second, as rotating around the point E’, through an 
angle D(dd) and taking the position A’B’. The dis- 
tance EE’ which the plane AB moves along the axis 
of the arch ring is called D(ds) because that is the 
change in the length of ds. Likewise, the angle through 
which it turns we call D(d¢) because that is the change 
in the angle d¢. 

When ds and d¢ increase in magnitude, D(ds) and 
D(d¢) will be considered as positive, and when ds 
and d¢ decrease in magnitude D(ds) and D(d¢) will 
be considered as negative. In the figure, the angle 
d@ is decreased by the deformation; therefore the 
angle D(d@) is negative. 

AA’— BB’ 


The angle D(d¢) is equal to 


AA’ is equal to-(4tar e. and BB’ is equal to 
-(4- Mh \ ds 
A 


oT) EB” the angle D(d¢) is equal to 


; and since 


-(44 Wye. (¥_ aye] 
A’ 2IJ/E'\A 2T/E jh’ 
. Mds 
which reduces to— EI’ 
Therefore D(dg)=— Mp9 (1) 


Now consider the effect on the point O of the rotating 
of the plane AB through the angle D(d¢). The arch 
ring is free to move at O. Since that part of the ring 
between O and E is rigid, when the plane AB turns 
through the angle D(d¢) the line EO will likewise 
describe the same angle. During this rotation the 
point O will move through an arc of a circle to K. 
OK will then be equal to OE times the angle D(d¢); 
and since the angle D(d¢) is negative, OK = — OE D(d¢). 
Since the angle D(d¢) is very small, we may consider 
that OK is a straight line and that the angle EOK is a 
right angle. From geometry, the angle FOK is equal 


to the angle PEO. 
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Then, OR OR -GE (OF represents an increase in 
span of arch and is therefore positive.) 
fe tok. y 
OF =OK OE= OE D(do¢) OE 
Or, OF = — D(d¢)y 
But, D(ds) = — ME 
ds 


Therefore, OF = + My EI 


Also, OR OR OR (FK represents an upward 


movement of the arch at point O and is therefore posi- 
tive.) 


a a a ses ie et 
FK=OK g_= — OE Dide) op 
Or, FK = — D(d¢) x 


ds 


By substitution, FK = + Mz EI 


Now let us return and consider the effect on the 
point O of the other stage of the movement of the 
plane AB, that is, its movement along the axis of the 
arch during which it remains parallel to its original 
position. It is apparent that during this movement of 
the plane AB the change in position of the point O 
will correspond exactly with that of the point E; that 


is, point O will move a distance equal to D(ds). Now 
Dds) is equal to 3(AA’ +BB’), or to 
Nh (4-9 ds 
2 (4 2IJ/E \A 21/E) 
. Nds 
which reduces to — AE 
Nds 
Therefore, D(ds) = ay) (4) 


dx and dy are the horizontal and vertical projections 
of ds, and since ¢ is equal to the angle which ds makes 
with the horizontal, dx=dscos¢, and dy=dssin 9; 
also D(dx) = D(ds) cos ¢ and D(dy) =D(ds) sin ¢. 


By substitution, D(dx) = — Pe cos } 


and D(dy) = — 1% sin ¢ 


Substituting the values of cos o=%) and sin =, 
Nda 

D (dx) = ~ DB --- o-oo rrr crete ee (5) 
Nd 

and D(@y)= — 7p -.-------------------------- © 


Equations 5 and 6 give the horizontal and vertical 
changes in position of the point O caused by the 
thrust N. 

We now have the changes in position of the point O 
caused by both the bending moment M and the thrust 
N acting on the element ABCD when the point O is 
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free to move and all of the arch is rigid except the 
element ABCD. So far we have not considered what 
caused the bending moment, M, and the thrust, N, but 
in the preceding discussion it does not matter. Let us 
consider, however, that the moment and thrust were 
produced by vertical loads. Then if the element 
ABCD undergoes a change of temperature there will 
be an additional movement of the point O. Since O 
and the plane, AB, are free to move, this movement will 
be simply a change of length of ds, which we may call 
D (ds), and is equal to et(ds), in which ¢ is the number 
of degrees of change of temperature and e is the co- 
efficient of expansion of the material comprising the 


arch ring. Thus D,(ds)=et(ds). In the same manner 
we find that: 


D (da) = et(dx)_____- Se ore tae he (7) 
and D(gy) elie)... 2... -.-..2--s-. (8) 


We now have in equations 1 to 8, inclusive, expres- 
sions for the change in the angle d¢ and the horizontal 
and vertical displacements of point O with respect to 

oint L as produced by the action of both vertical 
oads and temperature and when only the element 
ABCD is affected. 

Let D(dl) equal the horizontal movement of the 
point O with respect to L, and let an increase in span 
length be considered as positive. 

Let D(dr) equal the change in elevation of the point 
O with respect to the point L, and let an increase in 
elevation of point O be considered as positive. 


Then, D(dl) =OF + D(dz) + D,(dz) 
D(dr) = FK — D(dy) — D (dy) 


Or, D(dl) = + My 0-5 +t (de). i of gil 
D(dr) = + Mec $e + NOY — et (dy) --- cana -uQi@) 


In equations 1, 9, and 10 we have expressions for the 
change in the angle d¢ and the horizontal and vertical 
displacement of point O relative to point L as produced 
by the deformation of the element ABCD. If the 
entire arch ring were elastic, we would find the total 
displacement of point O relative to point L, as caused 
by the deformation of the entire arch ring, by taking 
the sum of the movements of point O as caused by the 
deformation of all of the elements. Therefore, let 


Dé=the change in the angle 6 caused by the deforma- 
tion of the entire arch ring, 

DI=the change in span length caused by the deforma- 
tion of the entire arch ring, and 

Dr=the change in the elevation of point O relative to 
point L as caused by the deformation of the 
entire arch ring. 


i 
E 


1 ds 


Then, Do= —;2MF .____..--------------- 8 (11) 





3 Throughout this article where limits are given with the summation sign such 


1 
as = it is intended to indicate that these limits are values of z or in this instance 
oe 


z=l 


=. Where no limits are given, they should be assumed as being between z=1 
ze 


and z=0, 
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. Bese Tie ; 
Dl= E 2 My FoR @+e@.......: 1) 
. Saget 228 ow , 
Dr= prMz T+H 74% | 


in which £ is a constant and may be taken outside 


l 
dy is 


I 
of the summation sign. 2dr is equal to 1, and 
o o 


equal to r. 


In the previous discussion it has been assumed that 
the arch ring is fixed at the right end and free to move 
at the left end, and we have derived equations 11, 12, 
and 13, which give the amount of the change in the 
inclination of the tangent to the arch axis at the free 
end and also the horizontal and vertical movements 
at that end. 

Let us now imagine a horizontal thrust, H,, a vertical 
reaction, V,, and a bending moment, M,, all applied at 
the free end and of exactly sufficient intensity to bring 
the free end of the arch ring back to its original posi- 
tion. Under these conditions Dé, Dl, and Dr will each 
be equal to zero, so we may write: 


l 
= MA=0... 


inlet ny ee Recah (14) 
l LN 

2 MyA —2—de+ elE=0_.._.... .__------(15) 
0 oA 

l LN a] 

> Mra + dy — etrE=0-_. - a 
0 o- 


; , 1s 
in which A is equal to + 




















Hof. | 


* \ 


Wirth Unir Loap at Point Distant 
a FROM SUPPORT 

In these equations, M and N are the bending moment 
and thrust at any point in the arch ring, of which point 
x and y are the coordinates. These equations are true 
for any condition of loading, but for our present purpose 
we shall consider only a single load of unity placed a 
distance, a, from the left support (fig. 4). 
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Then: 
M=M,+V ~—-H,y, when z«<a| (17) 
M=M, +V~— Ay (@— Pee eto 
Pe ee rr (18) 


in which, M,, V,, and H, are, respectively, the bending 
moment, the vertical reaction, and the horizontal 
thrust at the left support. 

In the following mathematical transformations, x 
and y are the variables, while @ remains constant. 
Therefore, M,, V,, and H, are constants because they 
depend on a and not onz ory. For that reason they 
may be taken outside of the summation signs. 


Substituting equations 17 and 18 in equations 14, 
15, and 16 we have: 


>[M,+ V a—HylA 
oO 

+3[M,+ V.z—H.y—(@—a)|A=0 
3[ M+ Via—Hoylyd 


1 
+>[_M,+ V «—H,y—(«—a)lydA 


_ x # cos ¢+ V sin *\ de | tlE=0 
° A ~— 


3 M,+ V «— H,y\xA 


1 
+2[M,+ V«2—H,y-—(e—a)|\rA 


l oS 
22 cos oS sin Vay —etrE=0 


These three equations may be written: 


t I t t 

M,2A+ V,txcd— H,tyA— z(«¢—a)A=0 : 
0 0 o a 
l U l l 

M cyA+ V.2xeyA— H,ry’A—Z(e—a)yA 


_ 3H cue dx-=V = de+etlE= 


i l l 
M,2xA+ V,2t2’A— H,2xeyA—- =(x—a)xrd 
0 o 0 


oii 


I I ; 
+H oe dy + re dy —etrE=0 


In the last two equations H and V are still inside the 
summation sign, but H= H, and is therefore constant. 


Also, V=V,, forr<a 
V=V,-1, forz>a 


. Making this substitution in the three equations, we 
ave: 


l t i l 
M, 2A+ V,22A—H, = yA— = (x—a)A=0 
0 0 0 a 


i I I I 
M,2yA+V,2xryA—H, zr y’A— =z (x—a)yA 


Pe cos¢, yp sin @ 
H,> A dx V2 A da 





—(V,-—1) yt de + etl E=0 


I Ll t I 
M,22A+V,22z*A—H, ZT xyA— =z (we—a)xdA 
o oO 0 a 


! cos , 2 sin 
+H, 2 dy+ V,3 “4S dy 


: ak 
+(V,-1) 3 ant dy — etrE=0 
These three equations may be written: 


t t l 
M,2A+V,=2A—H, > yA— > (e—a)A=0__-_--- (19) 


aM~ 


l l I t 
M,Z2yA+V,ctxyA—H, =z y’A— zd (x—a)yA 
0 0 o a : 


l log 
COS sin @ 
—H,2 ~dz—V,z- dx 
0 ry A 7) ~ F 


+3 as dx+etlE=0....____.____- ______ (20) 


ve 


l l l l 
M,227A+V,22°A—H, 2 xyA— 2 (x—a)zdA 
0 o 0 


t eos igj 
+H, = cor? dy + V2 te dy 


— 35% dy—etrE=0.- side eines :tieneata temas (21) 


From equation 19 


M, ai ZyA V 20k 


‘sr, osA Tt sabe a)d 


Substituting this value of M, in equations 20 and 21 


and collecting the terms containing H, and V,, we have: 


V, | ae uss +ZaeyA — St Pac | 
DyA . cos, | 
+ H, zyAys AY A-= a” dz | 
— 29454 cu 
<a 2(x aA+zZ@ a)yA 


— 
ss 5 8in $7. 
a 


4 —etlE, and 





badger a 














py 











: 
t 
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_ (xd)? 


Vo ZA 


+2eta+2Sin 0 64] 





+H, ES YA _ soya + 2208 Say | 
ZrAl 
mad. -X(e— a)A+2@e— a)xA 
ee 
+ aa Pay + etrE=0 


These two equations may be written: 


vf 22a y-222) 280 ye] 


zyA cos ¢ 
— H,| 2ya(y- SA )+ a ts de | 


== Ee aa( y — )-2 = Pde —etlE______- (22 


A 
V.| ea( 2 - = 2 Sin $4 dy | 


~ H, [ xa(y 7 zt -2 ody | 








=2(e-aa(z = + 350 ay + a (23) 
Let2=2% and a=k®. 


When the span is divided into 20 equal parts each 
of length dx, 1=40 =. We can consider dz as a constant 


and 2 as a variable. 
Making these substitutions, and dividing equation 22 


(de) 


by dx and equation 23 by we have: 


AE z2a(¥— *)- z=a¢ 
os zyA COs g 
-H,| g2v(y-2 E+E 


12 DyA ‘sin ¢ 
ee “uF: a 


1 ae 
P zy + COs 
-afpea(y3 ~ wpe a | 


U 


52 2=zA 2. i) 
: (e—k)a(2 - ant a day? ae dy 





—20 etH____. (24) 
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In the above equations the terms containing sin ¢ 
and cos ¢ are those which include the effect of the axial 
or direct stress. To neglect them would be to neglect 
the axial stress w hich is sometimes done because 
it is usually a small part of the total stress. It may 
not.be desirable to neglect this stress entirely, but we 
can shorten the work considerably by neglecting some 
of the terms. 

_ «sin ¢ 2 sing 2 cos ¢ 

The terms = A’ dz A dy» (dx)= 7 dys 
l 3] 
zane, and (dex ge et ay are all very small com- 
pared with the terms to which they are added, and 
probably no accuracy will be sacrificed by neglectin 
them. The data upon which all of the terms ‘eau 
are obtained by sont a large-scale drawing, and this 
drawing, while probably more accurate in dimensions 
than the dimensions of the arch as built is not suffi- 
ciently accurate to make the above-mentioned terms 
significant. 


ae the above-mentioned terms, we have: 


= *us) a >> cos ¢ 
Vo 522A( y= at lz 2ya(y— =! R)+z . 


=32(e-k) a ee8..............08) 
Vo52ed a( 2— 222) - Has eal ar 

=52(2—k a( 2-320 + tr E 27) 

=32(2 ) Al 2 ‘le ye et ----------- (27 


In these two equations the coefficients of H, and V, 
contain no summetions except those for the entire 
arch ring. For that reason these coefficients are inde- 
pendent of the loading and may be considered as 
constants. 

Therefore we may let: 


B=522(y- 3). ae 
C= 7,2ya( y— 222) rp ae. eee aee oe (29) 
F=522A(2- 228) a ___ (30) 
G= 722A y “ys ) , (31) 


Then the two equations may be written: 
| 4 


V.B— H,C=33(z —k)a(y—? ays) —20 ctE 
1: Zed 
VF - HeG=52(2—)a( 2-2 e+ Gay er 


From the first of these two equations: 


B ifil DyA 
ss Vee e| a2 HA y— uy - 2oett |._(a2) 
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and by substitution: 








oe. ts zzA 2 
p2(e—R)Al 2 ma )* (dix)? etrE 
Sy. BG 
o— 
cle 3 (2- na(y-ya)-2 20 0 | 
Scewsieenmacnaen ak ee 
F- Ba 
C 


It is more convenient to consider the effect of the 
loads and temperature separately. When the effect 
of the loads is considered without a change of tem- 
perature, ¢ in the formulas becomes zero. Then the 
effect of a change of temperature may be computed 
by making the terms which contain the effect of the 
loads equal to zero. 

Making this separation and collecting the formulas 
which are used in computing the stresses in an arch 
ring, we have: 


1! _ z2d 
y2e-B) a(2- in 
" Be 
C 
Gl, (c a 
_ __ (34) 
7 _BG 
C 
re _ ZyA 
V.B-52 (ek) A(y vt) 
H.-_—_—___;—__ -.----- (35) 
l 
u,-< 3 ¥ (e—k) A+H, WO -V, i 


V., forx<a 
i 





= cascade fel esorree (37) 
V.—1, forz>a 
a eer (38) 
M,+ Voz = Hy, fora<a 
M,= dz --(39) 
M,+([V.2—(z—k)] > — Hy, forz>a 
i Oe Oo + V, Oe 6... -.....2......- (40) 
dap t20 ¢ . 
V,= ae C aE _ ‘ (41) 
<= 
Cc 
H,= pao’ eth Seren s+ J ind, 2s (42) 


-™ , dzf eA 





Wot 
fe GM 5---- epee ries | 


Equations 34 to 44, inclusive, are applicable to all 
concrete arches with fixed ends, whether symmetrical 
or unsymmetrical. However, if the arch is symmetri- 
cal, some of the terms in the above equations will be- 
come zero and the equations will be simplified. 

If the arch is symmetrical, the values of A will be 
symmetrical—that is, the value of A for point 1’ will 
be the same as for point 1 and for point 2’ the same as 
for point 2, etc. The value of z for points 1 and 1’ 
combined is (1+39)=40 and for points 2 and 2’ com- 
bined it is (8+37)=40 and in the same way for all 
pairs of symmetrical points combined the value of z is 
always 40. Therefore, for symmetrical arches 2zA= 
202A. The values of y are also symmetrical and we 
have DzyA= 20 ZyA. 


These values trensform equation 28 as follows: 


= om = *y*)- 2 ly ZyA - 


1 1 ZyA 
20> D) 
= 5 X202yA — 5 X 20245 
= 10ZyA — 10ZyA=0 
Therefore, for symmetrical arches 
B=0 
a oeh\ 1, om 22 
os oe 2) = is 2024 
= SRA 200A 


G=0 for the same reason as given for B 


Therefore, for symmetrical arches we have the 
following formulas: 


FORMULAS FOR SYMMETRICAL ARCHES 


= 7 zy) < COS 
C= 30 (uta) te 
F= 522A 200Z2A 
l 
bE (@—B) (2-20) A (45) 
V,=—*— —; ‘ 
1 |, Renee ee . (46 
— 52 (e—h)a(y- 5 (46) 
H,= —~— = 
’ C 
u,-& 52 ( @—k) A+ H,2¥4 207 V,. dae sell 
ZA rs ZA 
_{V., when x < a 
V.= V,—1,for asingle unit load whenz > a--~~- (48) 
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H.=4H, 
z>k 
M,= M,+| Vee- (z—k) da _ ene wee (49) 
N,= H cos ¢+ V~sin é.....-.--.-.----.-- _ (50) 
V,=0 ia lba i ge nies th i: Hak ag: Ser lig a i lo A sen! fac a eee en a ee (51) 
H, =20 a LE IED ey (52) 
‘ DyA 

| (y “ OU ar (53) 

N h 
hoz M57- eer bis a sap recs 


cos ¢ . 
The term oe in some of the equations includes 


the effect of the so-called axial or rib shortening stress. 
This stress is sometimes considered separately from the 
other stresses and sometimes is neglected entirely. If 
the rise of the arch is relatively large, the axial stress 
is small and little accuracy is sacrificed by neglecting it, 
but if the arch is flat its effect is considerable and it 
should not be neglected. 

Since it is easily taken care of on the forms, there 
appears to be no good reason for neglecting it or separ- 
ating it from the rest of the stress, so it will be left in 
the formula and on the forms in its correct place, and 
the axial stress will be included in all cases. 


CALCULATIONS FOR A SYMMETRICAL ARCH 


The method of making the calculations for a sym- 
metrical arch can best be explained by working out an 
actual example, and each step will be taken up in order 
and explained in detail. All calculations are entered 


in Tables 1 to 9, forms for which can be provided on’ 


five sheets of letter-size paper, and these forms are 
grouped in the text as used by the authors. Numerical 
values and plus and minus signs, which are the same 
for all arches, are shown in boldface type. In actual 
practice, blank forms made by the white-print process 
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and showing column headings and other information 
common to all symmetrical arches are used. The 
formulas to be used are those developed for symmetri- 
cal arches. The formulas and forms for unsymmetrical 
arches could be used, but most arches are symmetrical, 
and the work is much reduced by using the simplified 
rather than the general formulas. 

Assume that a 60-foot arch is to be designed for a 
uniform live load of 125 pounds per square foot (con- 
centrated loads may be used without difficulty) and 
that the arch must withstand temperature stresses 
caused by a rise in temperature of 30° F. or a drop of 
40° F. The tentative proportions of the arch and its 
reinforcement are determined and half of the arch ring 
plotted on detail paper on a scale of 1 inch to 2 feet. 
The rather large scale is used because the stresses to 
be determined will depend on scaled dimensions from 
this drawing. A similar drawing on a smaller scale is 
made on letter-size paper to accompany the tables of 
calculations as illustrated in Figure 5 (sheet 1 of forms). 

After plotting one-half of the arch ring, draw the 
axis of the arch ring, which is a curve lying halfway 
between the intrados and extrados. Draw a vertical 
line through the springing line of the intrados until it 
intersects the arch axis as shown in Figure 5. This 
point is the origin of coordinates and is referred to as the 
origin, or point 0. Through the origin draw a horizontal 
line, and on this line divide the half span into 10 equal 
parts. The length of each part will be equal to dz. 
On sheet 2 (Tables 1, 2, and 3) of the forms record in 
the places indicated the values of l, dx and the rise, 
which is the vertical distance from the arch axis at the 
crown to the horizontal line drawn through the origin. 
At the center of each dx erect a perpendicular to inter- 
sect with the arch axis, and mark these intersections 
1, 2, 3, ete. In working out this example maximum 
stresses will be determined at points 0, 3, 8, and 10% 
and the abutment pressure on the foundation deter- 
mined. 

The general method of procedure is to place a load of 
unity successively at each of the points on the arch 
ring and compute coefficients which can be applied to 


the actual dead and live loads for determining moments, 
shears, and thrusts. 
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TaBLeE 1.—Computations for A 












































TABLE 2.—Computations for Vo 













































































l l | l l 
E,ec Ee 4 | 5 6 7 | . } 9 | 0) 1 || a. 14 15 16 17 18 
ae Me = as At BPS) ) MO) A Se Cee a a 
| | | = I] 
| | * | h 2) | | 
| | ioe one -a’) | | ds | | =Q= : 
| 2)» » | Bee! 8 ae i. | J=E+I,| ds | a= || 2-20] (2—20)A (a= —2) A | 4z(z—-k)Q | 2 2A Vo 
| 12! 2 |2 yi nA | T | | 
| 2 senies | | | 
dee | | ~ | =: oe —_ Ne 
0 | 230 | 12.167| 1.014 | 1.15 | 0.98 | 0.960 0.112 aes ES 1} =] | —— 
| 1|1.98| 7.762) .647/ .99| .82| .672 079 -726 | 3.43) 4.7) |= 19) 89. 3 89.3 | 20,091.6| 1,522 7,153.4 | 1.00000 
| 2}1.51| 3.443| .287| .75| .58| .336 039 .326 | 3.29| 10.1) |—I7/— = 171.7 261.0 |+ 20,0023 1,378| 13,917.8| .99556 
3| 1.30) 2197] .183 | -65| .48| .230 013 -196 | 3.17} 16.2| |— 15 |— 243.0 504.0 | 19,7413) 1,250) 20,250.0| .98256 
4|1.18| 1.643| 1137) .59| .42| .176| 010 .147|3.13| 21.3) |—13— 276.9 | 780.9 | 19,237.3 | 1,138 | 24,2394 .95748 
5} 1.10| 1.331| .11| .55| .38| .144 . 008 -119 | 3.09} 26.0 | |— 11 |— — 286.0 1,066.9 | 18,4564 1,042) 27,0920] .91861 
6|1.05| 1.158| .096| .52| .35| .122 007 -103 | 3.05 | 20.6 /|— 9\— 266.4 | 1,333.3 17,389.5 | '962| 28,475.2| . 86551 
7|1.02| 1.061| .088| .51| .34| .116 007 095 | 3.02] 31.8 | - 7\— 222.6 1,555.9 | 16,056.2| 898 | 28,556.4 | . 79015 
8|1.02| 1.061| .088| .51| .34| .116 007 095 | 3.01) 31.7] |— 5i— 158.5 1,714.4 | 14,5003) 850 | 26, 945.0 | 72171 
| 9/1.00| 1.000} .083; .50| .33| .109 006 089 | 3.00} 33.7 | |— 3\— 101-1 1,815.5 | 12,785.9| 818 | 27,566.4| . 63638 
| 10/1 1.001 1.000) .083! .50|) .33/| .109| 006 089 | 3.00} 33.7) /— 1\— 33.7 1,849.2 | 10,970.4| 802) 27,027.4 | . 54602 
FZA=| 238.8 |= 7, 849.2 |+ 10, 970.4 S2A= 231, 223.2 
TABLE 3.—Computations for H, Span =/= 60.00 ft. 
_———- — siietoniicie : onanee _ Rise =7.22 ft. 
li9| 20 | a | 2 23 | 24 | 25 | 26 27 28 | 9 30 , 1 — 
| adx= 5, =. 
: —s. Sonera = 20 
| 2 Sg a( 28), =Q= 1 . 
| A = = ryA cos ¢ 1 
|g | v | 4 | v—Sa ae 7) 42(z—k)@ wa(y- a) Os —_ Ho 9 dx =1.50 
= | | | | 
3 Seen ~ ee ee ger ie; Meneaeameg pe a SyA 
| i ee | | | 0. 838 =< = 5.85585 
1| 0.88, 47| 4136/—4.976|—  23.387|/+ 23.352 0.000'— 20.581 | .874 | 0.441 | 0.000 
| 2] 232) 101| 23432 /-3.536|—- 35.714 + 59.066 |— 23.352 '— 82.856 | 911 | 603 + 062 = 
3| 3.51 | 16.2| 56.862\/-2346|— 38.005 |+ 97.071|— 82418 — 133.398] .946| .728  .219 F= —200 ZA=20,091.6 
| 4] 4.481 21.3 | 95.426 |— 1.376 |— 29.309 + = 126.380 |—:179.489 |— 131.304 | .948| .804 4 . 478 92> 
| 5| 5.29] 260) 137.540 |—0.566|— 14.716/+ 141.096 |— 305.869 |—  77.848| .971| .883 + .815 
| 6| 593 | 29.6| 175.528 |+ 0.074 |+ 2.190 |+  138.906|— 446.965 + 12987] .984| .938 4 1.191 1 A 
| 7] 648| 31.8| 206.064 |+ 0.624|+ 19.843 |+ 119.063 |— 585.871 + 128.583] .993| [974 1.561 is 2 A zu 
| 8| 685) 31.7] 217.145 |+0.904|+ 31.510 |+ 87.553 |— 704.934 + 215.844 | 1996) 976 | 1.878 Fl aah el 
| 9] 7.10 | 33.7 | 239.270 |+ 1.244 |+ 41.923 + 45.630 |— 792.487 + — 297. 653 | 1.000 | 1.000 2.111 
|to! 721 | 33.7 | 242.077 |+ 1.354 |+ 45.630 | 0.000 |—_—— 838.117 |+ 328.992 | 1.000 | 1.000 > 2. 232 cos. ¢ 
$2yA=! 1, 308.378 | I 0.000! «838.117 ¥2= (+ 538.072! §2=! 8.347 +z 4 = 375.409 
1 5. 15, zyA 20 tH 34560, 42,762, , +30 
= (z—k)(z—20)A ——2(z—k)A( y—=—— pk. fen * 2 for 
2; Ps =A C c '=—3.682 — 40 
V—e= F = " C 
ae we LyA 
Col. 15=--2 (z—k) (z—20)A Col. 26=5 3 (z—k) A(y—SE 
“eé “a a 





Table 1.—Computations for A.—Scale accurately the 
thickness of the arch ring / at each point and set down 
the result in column 2. Columns 3 to 9, inclusive, are 
used in finding the moments of inertia of the sections 
of the arch ring at the various points. J=J,+ /,, in 
which J is the total moment of inertia of the section 
about the axis of the arch, /, the moment of inertia of 
the concrete, and J, the moment of inertia of the steel. 
It is convenient to consider a strip of the arch ring 1 foot 

3 


in width and scale all dimensions in feet, then Jc¢= 
3 

1, e= 49" 

I,=I,+A,7? in which J, is the moment of inertia of 
the steel about the axis of the arch, J, is the moment of 
inertia of tha steel about its own axis, A, is the area of 
the steel, and 7 is the distance from the axis of the arch 
to the axis of the steel. Since the strength of steel is 
equivalent to n times that of the same area of concrete, 
and all of the dimensions are in feet, A, in the above 
formula must be taken as equal to n times the total 
area of steel in square inches divided by 144. 


x ee 
j=5-4 


12° 


or, since b= which is tabulated in column 4, 


in which d’ is the distance from the surface of the con- 


crete to the center of the steel. 
may be neglected. 

Having computed / for each section and having the 
results tabulated in column 9, next scale ds for each 
section along the axis of the arch ring. The values of 
A are then computed. This should be carefully done 
because there is no check on the work and the accuracy 
of all of the rest of the columns will depend on the 
accuracy of column 11. 

Special method of computation for terms involving 


I, is so small that it 


1 
2 


_— 


: 
>(z—k)—Column 12 (also 16 and 32) is the same for 


all arches and is already filled out on the printed form. 
In preparing the forms the values of z for the different 


; ; dx 
points have been determined from the formula z= z 3" 


By inspection of Figure 1 it is evident that the value 
of z for point 1 is 1, for point 2 it is 3, for point 10 it 
is 19, ete. 

The numerators of the formulas for V, and H, and 
one term of the formula for VM, contain a term which 
may be written in the form, 


> 2(e-k) @ 
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In each of these formulas Q has a different value, but 
the method of procedure in arriving at the value of the 
above expresssion is the same in each case and the term 
Q is used in order that a single explanation may serve 
for three cases. 


In the formula for V,, Q= (2-20) A 


In the formula for H,, Q=A 1% v*) 


ZA 
In the formula for M,, Q=A. 

In each case Q depends solely on the properties of 
the arch and has the values Q,, Q,, etc., for the points 
along the arch ring. 

We will consider first the formula for M, because we 
have there the values of Q=A for the entire arch ring 
while in the other two cases we have the values of Q 
for only one-half of the arch ring. Column 35 of Table 
4 is copied from column 11 of Table 1. Table 4, A, 
has been inserted to show the manner in which the 
values in columns 36 and 37 are secured. This table 
and Table 4, B, are not part of the forms and are in- 
serted for purposes of explanation only. Column 36 
of Table 4, A, shows that 2Q for any point is the 
sum of values of Q for all points to the right of the 
point considered and is a matter of successive addition 
starting at the bottom of the column. 

To understand the derivation of column 37 in Tables 
4 and 4, A, it is necessary to study Table 4, B. In this 
table it is considered that a unit load is successively 
placed at each point and in each case the value of 


I 
52 (z—k)Q determined for each point to the right of 
@ 


the load. Values are not determined to the left of the 
load since the formula requires the values only where 
zis greater thank. At the point of load application z is 
equal to & and the expression becomes zero. The deter- 
minations of z and k for Table 4, B, are obvious from 


1 

an examination of Figure 1. The value of 2 (z—k)Q 
a 

for a unit load at any point is the sum of the column 


1 ‘ . ‘ 
headed 5 (2- k) Q and bearing the proper point designa- 


tion. An inspection will show that the totals of these 
columns are the same as the quantities obtained in 
column 37 of Table 4, A, by the simple process of 
successive addition. 

Table 2.—Computations for V,.— We can now return 
to Table 2 of the forms and compute the values of V, 
from the formula 


$2 —k)(z—20)A 


422°A — 2002A 


In this formula Q, as used in the preceding explanation 
is equal to(z—20)A. The values of (2—20) are the same 
for all arches when the arch ring is divided into 20 parts 
so they are permanently printed in column 12 of the 
forms. The values of (z—20)A are computed by multi- 
plying each term in column 11 by the corresponding 
term in column 12 and the results written in column 13. 
If Table 2 were made out for the entire arch ring the 
computation of columns 14 and 15 would be exactly as 
explained for columns 36 and 37 in Table 4, A, but due 
to the symmetry of the arch ring it is necessary to use 
only the points on one side of the crown. 

The values of A are symmetrical. That is the value 
of Ay) is the same as A,, etc. The values of (z2—20) 
on the right-hand side of the arch are numerically the 





same as those on the left but with the opposite algebraic 
sign. Therefore the values of Q=(z2—20)A on the right- 
hand half of the arch are the same numerically as those 
on the left but of opposite algebraic sign. Referring to 
Table 4, A, we see that the quantity in column 36 
for point 10 is (Qo+ Qi - - Q:) which is equal 
to—(Q,+Q, - - +» Qo). Therefore we find the sum 
of column 13 and write it opposite point 10 in column 
14 but with opposite algebraic sign. We then continue 
the process of successive addition to the top of the 
column as previously explained. 








A FILtutep-SPANDREL ARCH OF THE TYPE ILLUSTRATED BY 
THE EXAMPLE 


Referring to Table 4, A, we see that the quantity in 
column 37 opposite point 10 which corresponds to the 
bottom figure in column 15 of Table 2 is (10Q29+9Qio 
- + + Q),) and this is equal to the sum of column 14. 
Therefore we find the sum of column 14 and write it in 
the bottom space of column 15. Next we add the figure 
in column 14 opposite point 9 and set down the result 
in column 15 opposite point 9 and continue the process 
of successive addition to the top of the column. Exam- 
ination of column 37 of Table 4, A, and column 14 of 
Table 2 will demonstrate the correctness of this pro- 
cedure. As a partial check on the numerical work it 
should be noted that the top figure of column 14 
is numerically the same as the top figure of col- 
umn 13. Column 15 now contains the values of 


52(2—F) (z—20)A for a unit load placed successively 


at each point on the left half of the arch ring. 
The denominator of the equation for V,; that is, 


F = 224A — 20024, is independent of the loading and 


is easily computed. The values of 2? are permanently 
printed in column 16 of the forms and for convenience 
the symmetrical values are combined; that is, for points 
1 and 20, 2=(1?+39")=1522. For points 2 and 19 
combined, 2? = (3? +377) = 1378, etc. 

Column 17 is computed by multiplying each term 
in column 16 by the corresponding values of A in column 
11. The sum of column 17 is equal to 22A and the 
sum of column 11 is equal to 5 2A. The value of F 
is then computed and entered on the form. As a 
check on the numerical work it should be noted that 
the top figure of column 15 is equal to the value of F. 

V, can now be computed and tabulated in column 18 
by dividing each term in column 15 by F or, since it is 
easier to multiply than to divide on most calculatin 
machines, it will be quicker to find the reciprocal of 
and multiply. 
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35 36 | 37 
t i 
Points| @ zQ | $2(2-H@ 
a a 
1 Qa NG aS ci ye, G2 od, Wied) sa: oad bigs Gh ack aoe axe uaogiin oe mena a fy IR oo ese ©. Sle Sala! Met Ge able Se 0) ha fo eat +2 Q;+Q: 
2 Q: I eho) a, Nal sa innate oat Snes BK Kw de dew ae we eee ee +Q; I eso ye) oak cee QAR. wo PPR Noe he, ue we eg +2 Qi +Qs 
3 Q; eee eee eet, ee ee +Q, I ae eb ew LALiol & & eH eS we ol br Oe ae ee Qs +Q 
4 Qa EE so gd O Pee Se he WE a ee eee +Q; IN oc. niveau ase a ener Sel hole Ste +2 Qs +9; 
5| @s asians ea nee Re eee a Ls bear +Qs i os a CG's & ape wild ab & Ome +2 Qr+Q 
6 Q i onan Ge ae elie ais a-ak GA +Q; IRS, wu 6-0) ack oS ew Aw ee +2 Qs +Q, 
7 a Se te all ay BOR, a a dl Sa OE +Qs IIIS 6. ui. 5. &. 4-4 3-1 18. 6 cess, be Rl 2 Qo +Qs 
8 Qs a gr san_.0y 5 cat OL “Ose es A 9 IY. 6, sa, a 5, We ae Bow oO Oa +2 Qit+Qo 
9 Qs I sis. a cat a 6 Le OY Oey +Qi CS en ee ee +2 Qu+Qio 
10 Qi0 ER. Og wa & & & a wm ree +Qu NE 6. 5: can. ‘ee ol Spree +2 Qu+Qu 
ll Qu | Ns 6 6 -% 6 6 be 6 ee +Qir | eee +2 Q13+ Qi2 
12 Qu ME 6 6:0. 6 @ 6 0 0 + Qi et See 2 Qut+Qis 
13 Qs | Qut+Qi......-. +Qu 7 Qut 6 Qn. ..-.--- +2 Qu5+Qu 
14 Qu | Qwt+Qi...... + Qs 6 Qnt+ 5 Qi..-... +2 Qi1s+ Qis 
15 Q5 | Qnt+Qo + Qs 5 Qut+ 4Qi..... +2 Qi7+Qis 
16 Qs | Qn+Qi.. 17 4 Qwt+ 3 Qio.. . +2 Qs+Qi7 
17 Qi | Qr+ Qivt Qs | 3 Qu+ 2 Qi0+Qis 
18 Qs | Qut+Q % Qo+ 19 
19 Qi Qx Q2 
20 Q2 0 | 
‘ ? 12 
TaBLe 4, B.—Supplementary table to explain the method of computing 5=(z—k)Q 
~a 
aan saad eae | ee rs ane - Se a at 
Load at Load at | Load at Load at Load at Load at Load at Load at Load at Load at 
point 20 point 19 point 18 point 17 point 16 point 15 point 14 point 13 point 12 point 11 
=39 k=37 | k=35 =3 k=31 k=29 k=27 k=25 =23 k=21 
| | — oe ee a SS en a —_—— - = aaaienenenate 
o] 2) Loi | ° 2 ° ° |_ |e e |e |_|le 
al | |. |@|@|_|@| @ | _|@) @ |_|@| @ a2\| @ a2| 2 2| 2 a@| 2 @2| 2 |@| @ 
$| | lait} ileal) bt jal | jail | iat | ja@it | b@ltl § j@ 1 t@iit & jettl fo 
es) | iT lmialtre) & is3o] SB IT tS!| S ttis| & iTS! & 1tlSl S 1tisi & itis = lites! s 
| | PS abet on [etm] os | Sin] & SPR RS PSR RR PSR SR [STR] ZR PSs | is 8 i 
| | | | | | 
Sr es le celeces a i ar : : 50) eee 
i ee -@eL...L... OPE WR Sak RIE BR hal ae ; Tata GED SPRREROIRRRI Noite GES ores OPN 
2] Si @l....|....) ---| a eee | Ee a ee er ee Sees RS) SS | Se NaN PRON) fetes Se, |e ae FN: EN eS | Se 
4 7 BRE ee) AR, Sel) See MS A TEES IGT Sh BORE) SED LER) SES Se Te! RR A Oe RE a: Cp eee eee We NE SE Paes eS 9 Ses 
Tit) Re 7 soe eee cen me ‘it maces ee ‘te deren : eecabies Hs 
6 | 11 | aeRO | at eae Sa aie, Coad, Sabb atagni ds Deen Reese 255 as RO RSae Be a |e “Sd LR URE Rae Te PAs eae Te ha es ae 
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Table 3—Computations for H,.—Table 3 is used in 
computing H, from the formula 


erence: 


a 


zyA 





In this saat the cia C is equal to 
1 
E yA(y- B+ ¢ 


and is independent of the loading. The numerator 
depends on the position of the unit load and is computed 
in a way similar to that used for the formula for V,. 

Values of y are scaled from the drawing and tabulated 
in column 20. For convenience the values of A are 
copied in column 21. The values of yA are found by 


multiplying, and then the value of “ys may be found 


by dividing the sum of column 22 by ‘the sum of column 
11. Column = ig computed by subtracting the con- 


stant value of & /* from each value of y. Then column 


24 may be simnauel by multiplying each term in col- 
umn 23 by the corresponding value of A. The sum of 
column 24 should be zero. If it is not it is due to some 
inaccuracy which should be found before going further. 
The error will be in column 21, 22, 23, or 24. Of course 
allowance should be made for the fact, that decimal 


places were dropped in the value of 9 and that 


=A 
inaccuracy is carried into columns 24 and 25. For that 
reason the sum of column 24 will usually not check 
exactly, but it is not difficult to determine if the 
inaccuracy is from that cause or a mistake. 

Columns 25 and 26 are computed from column 24 
in exactly the same manner as columns 14 and 15 were 
computed from column 13. 

The bottom figure in column 25 is equal to the sum 
of the figures of column 24 for the right-hand half of 
the arch, which are not shown, but they are the same 
as the figures which are shown and their sum is also 
zero. To this zero we add the last figure shown in 
column 24 and write the result in the next space above 
in column 25 and continue the process of successive 
addition to the top of the column. The top figure of 
column 25 should be approximately equal numerically 
to the top figure of column 24. 

The bottom figure in column 26 is the sum of the 
figures in the half of column 25 which is not shown plus 
the figure opposite point 10, but since the latter figure 
is always zero it makes no difference in the sum. This 
sum is equal to minus the sum of the figures shown. 
This may be understood from consideration of Table 
4, A. Thus we find the sum of the figures shown in 
column 25 and write it in the bottom space of column 
26. Then we add to it the figure opposite point 9 in 
column 25 and continue the process of successive addi- 
tion to the top of the column, observing the correct 
algebraic sign. Then all of the figures in column 26 
will be negative and the top figure will be zero. 

The denominator of the equation for H, that is 


C=7.2 yd (y —)+2 = 
x 








is independent of the loading and is computed in col- 
umns 27, 28, and 29 as indicated by the headings of the 
columns. Cos ¢ is tabulated in column 28. It might 


be computed from the formula cos ¢= _, but since cos @ 


varies so little for small angles it will be found more 
accurate to compute sin ¢ from dimensions scaled on 
the drawing and then find the corresponding values of 
cos ¢ in a table of trigonometric functions. 

Column 29 is computed by dividing each term in 
column 28 by the area A. Since a strip of the arch ring 
1 foot wide is being considered, A is equal to h plus n 
times the area of steel in square feet. Since the area 
of steel in square teet is small and the effect of cos ¢ is 
relatively small, it is sufficiently accurate to assume, 
for this purpose, that A is equal toh. C, the denomi- 
nator of the equation for H,, is found by dividing the 
sum of column 27 by % dz and adding twice the sum 
of column 29. The value of C should be set down in 
the space provided on the same sheet with Table 3. 
H, may now be computed for a load of unity at each 
point by dividing each term of column 26 by C and the 
results are tabulated in column 30. Note that the 
algebraic sign is changed because the formula for H, 
is preceded by a minus sign. 

Table 4—Computation for M,—M, is computed in 
Table 4 from the formula 


d: 


ZyA —20 


TA 


dz is 


k= ae 


& y 
M,=H, g VetSa%g 2 e-B) A 


The values of z are permanently printed in column 
32. The values of H,, V, and A have been previously 
found and for convenience are copied in columns 33, 
34, and 35. The values of H, and A are symmetrical 
so the values found for the left-hand half of the arch 
ring may be copied for the right-hand half. The values 
of V, for the right half of the arch may be found by 
subtracting each value for the left half from unity. 

Column 36 is computed by summing up column 35, 
starting with zero in the bottom space for point 1’. 
Column 37 is computed by summing up column 36 in 
the same way starting with zero at the bottom opposite 
point 1’ as previously explained. Point 1’ for sym- 
metrical arches is the same as point 20 used in the 
explanation. Column 38 is computed by multiplying 


each term in column 37 by A Column 39 is computed 


by multiplying each value of H, by ~ = ay. - Column_40 


is computed by multiplying each value of V, by— 20, 


The sum of column 39 should equal the sum of column 


ZyA 
ZA 


should equal —100 dz. MM, in column 41 is computed 
by taking the algebraic sum of the corresponding terms 
in columns 38, 39, and 40. The algebraic sum of 
column 41 should equal the algebraic sum of columns 
38, 39, and 40. 


33 multiplied by; and the sum of ‘column 40 
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TaBLE 4.—Computations for M, 


























| a1 | 32 | 33 | 34 35 36 | 37 38 39 40 41 
: | aoe ee 4 
| U ZyA dx 
| ¢ = HN. B, YA_ oy 
; | na 18 al “co.37| 2 ae Mo=sqq™@—h)At+Hoygn—M5ZVo 
Points z | Ao ° A zA 9 22 JA’ 5 ,ACol. 37 DA —205 Veo M. 
| 
ay Baa ee vane: ; ReNaeere ©: COPENRRET 
0 0 | | ax __ 9 _onaz 
1 1 | 0.000 | 1.0000 | 4.7 | 472.9 | 4,537.2 | 28.500 0.000 — 30.000 — 1.500 SA 7 0062814 20°5 = —30.0 
2 | 3 | .062 | .99556 | 10.1 | 4628 | +0643 | 25.529 :363 = 29.867 |— 3.975 é 
3 5 | ‘219 | [98256 | 16.2 | 446.6 | 3,601.5 | 22 622 1.282 — 29.477 |— 5.57 
4| 7 | 1478 | (95748 | 21.3 | 425.3 | 31549 | 19.817 2.799 |— 28.724|— 6.108 
5 | 9 [815 | .91861 | 26.0 | 3093 | 27296 | 17.146 4.772 = 27.558 |— 5.640, For check: 
6 | 1 | 1.191 | [86551 | 29.6 | 369.7 | 2,330.3 | 14.637 6.974 |— 25.965 |— 4.354 : 
| 7 | 13 | 1.561 | :79915 | 31.8 | 337.9 | 1,960.6 | 12.315 9.141 |— 23.974 |— 2.518 
| 8 | | Lars | s7am | 317 | 3062 | 16727 | 10193 10.907 | 21-651 |— 0. 461 SyA 
9) 17) 211 63638 | 33.7 | 2725 | 1,316.5 8.269 | 12.362 |— 19.091 |+ 1.540 = be) 2193 593— 
| yo | 19 | 2.932 54602 , 33.7 | 238.8 | 1,044.0 6.558 | 13.070 |— 16.381 |+ 3.247 EA 2COl. 33= 123.523 ==Col. 39. 
w | 2 | 2.289 45308 | 33.7 | 205.1 805. 2 5.058 | 13.070 [= 13.619 |+ 4.509 de 
9 2.111 36362 | 33.7 | 171.4 600. 1 3.769 | 12.362 |— 10. 5. 222 iy 
8 | 25 | 1.878 | ‘27829 | 31.7 | 139.7 | 4287 | 2693 | 10.997 |\— 8.349 |+ 5.341 — 205 2Col. 34= —300.0==Col. 40. 
7 | 27 | 1.561 | :20085 | 31.8 | 107.9 289.0 1. 815 9.141 |= 6.026 |+ 4.930 
6) 22 | 119 13449 | 29.6 | 78.3 181.1 1: 137 6.974 |= 4.085 + 4.070 
y| 3 ‘815 08139 | 260 | 523 102. 8 ‘646 4.772 |= 2.442 |+ 2.97 s > A0— 502 
4’ | 33 .478 | .04252 | 21.3 | 31.0 50. 5 317 2.799 |— 1.276 |+ 1.840 =Col. Be. Oe 40= + 4.693 
¥ | 35 [219 | 101744 | 162 | 148 19. 5 122 1.282 j— 1593 |+ .881 =Z2Col. 41. 
2 | 37 [062 | 00444 | 10.1 4.7 4.7 "030 1363 = 1133 |+ 1260 
V | 39 | 0.000 | 0.0000 4.7 0.0 0.0 0. 000 0. 000 0.000 | 0. 000 
_F! 2 == J : aes |) ater | ee ee 
21.094 | 10.0000 181.173 | 123.520 |— 300. 000+ 4. 693 
| 




















Tables 5, 6, and 7.—Computation of bending moments 
at points 3, 8, and 104%.—We now have the values of 
H,, V., and M, for a load of unity placed at any point 
on the arch. It must now be decided at which other 
points the stresses are desired. Usually three other 
points are sufficient, and they should be selected with 
care in order to get the critical points. One should be 
at or near the crown, one near the haunch, and probably 
the best place for the third is between the haunch and 
the left abutment. Points 3 and 8 are chosen because 
they are near changes in the reinforcement; and point 
10%, being the crown, is also chosen. 

Columns 46 to 50, inclusive, are used in finding the 
moment at point 3, from the formula M;= M,— Hoy + m3. 
In computing the moment at any particular point, 


TABLE 5.—Computations for M3; 


TABLE 6.—Computations for Ms 


z and y are constant, while k varies with the position of 
the unit load. We now desire the moment at a partic- 
ular point caused by a load at each point. For point 
3 the value of z is 5 and the value of y can be found in 
column 20. These figures should be set down in the 
spaces indicated in the heading for columns 46 to 50. 
For convenience H,, V,, and M, are copied in columns 
43, 44, and 45. The values of m, are computed from 


the formula m,= [ V,2—(2- k) | S where k is less than z, 


and from the formula m,= Vee where k is greater 


than z. Column 46 is computed by multiplying the 
values of V, by 2 (2=5 for point 3). It is only neces- 
sary to fill out column 46 for a load at those points where 


TABLE 7.—Computations for My 




























































































l l yr, 7 ty oe sane Ga ae a ie 
(42/43 44 45 || 46 47 | 48 | 49 50 51 | 52 53 54 | O55 56 | 57 |) (58 59 60 
ros et ee = 7 a SS Sa — 
| Point 3, 23=5; y3=3.51 Point 8, zs=15; ys=6.85 Point 10%, 2101,2=20; y10 12=7.21 
| “ H. Ve mm ir a 4 l ‘ ; > ae i 4 
| | Vozs— = Vozs— | es : | Vo2z101/2— a 
| = Vo2s (za —k) m3 | Hoys M3 Vozs | (ze—k) ms Hoys Ms | | Vo21019 \(2tj19—k), MOIRA HAoyi0i| Mio 
| 9} — end tee ree hom 1.0000 eo | 
| 1 0. 000 | 1. 00000 —1. 500 | 5.000 | 1.0000 | 1.500| 0.000| 0.000 15.000 | 1.0000 1. 500 | 0.000 0.000 20.000} 1.000) 1.500 0. 000 0. 000 
2 - 062 - 99556 |—3.975 | | 4.978 | 2.978 | 4.467 |— .218 |+ .274 14. 933 | 2.933 4. 400 — - 425 . 000 | 19.911 | 2.911 4.367 — .447|— .055 
| 3 . 219 98256 | 5. 573 | 7.369 — .769 |+1.027 14. 738 | 4. 738 7.107 |— 1.500 |+ .034 19.651 | 4.651 6.976 — 1.579 |\— .176 
| 4 -478 . 95748 —6. 108 7.181 |= 1.678 |— .605 14.362 | 6.362 9.543 |— 3.274 + .161 19. 150 6. 150 9.225 — 3.446 |— .329 
5 . 815 . 91861 |—5. 640 6.890 |— 2.861 |—1. 611 13.779 | 7.779 11.669 |— 5.583 + .446 18. 372 7.372 11.058 — 5.876 |— .458 
| 6 1.191 . 86551 |—4. 354 6. 491 = 4.180 |—2. 043 12. 983 | 8.983 13.475 |— 8.158 |+ .963 17.310 8.310 12.465 — 8.587 |— .476 
®. , 1. 561 . 79915 |—2. 518 5. 994 wk: 479 |—2. 003 11. 987 | 9. 987 14. 981 (10. 693 |+1.770 15. 983 | 8. 983 13.475 — 11.255 |\— .298 
8 1. 878 . 72171 |—0. 461 5.413 |— 6.592 |—1. 640 | 16. 238 |—12. 864 |+2. 913 14. 434 9. 434 14.151 — 13.540 |\+ .150 
| 9 2.111 63638 1. 540 | 4.773 |— 7.409 |—1. 096 14.319 |—14. 460 |+1.399 12. 728 9.728 | 14.592 — 15.220 |+ .912 
10 2. 232 54602 |+3. 247 4.095 ‘a 7. 834 |— .492 12. 285 ‘es 289 |+ . 243 10.920 | 9.920 14.880 — 16.093 |+ 2.034 
(10 | 2.232 | 45398 |+4. 509 3.405 |— 7.834 |+ .080 | 10.215 |—15. 289 — .565 | 13.619 — 16.093 |+ 2.035 
¥ 2.111 - 36362 |+-5. 222 2.727 — 7.409 |+ .540 8.181 |—14. 460 |—1. 057 10.909 | 15.220 |\+ .911 
| 8’ 1.878 27829 \+5. 341 2.087 |— 6.592 |+ . 836 6. 262 |—12. 864 |—1. 261 8.349 — 13.540 + .150 
ja 1. 561 20085 |+-4. 930 1.506 |— 5.479 |+ .957 4.519 j—10. 693 |—1. 244 6.025 — 11.255 |— .300 
6’ 1.191 13449 |+4. 076 1.009 — 4.180 |+ .905 3.026 |— 8.158 |—1. 056 4.085 — 8.587 |— .476 
5” . 815 08139 |+2. 976 -610 |— 2.861 |+ .725 1.831 |— 5.583 |— .776 2.442 — 5.876 — .458 
4’ .478 04252 |+1. 840 -319 |— 1.678 |+ . 481 - 957 |— 3.274 — .477 1.276 — 3.446 |— .330 
3 - 219 01744 |+ .881 -131 |— = .769 |+ . 243 .392 |— 1.500 |— . 227 -523 — 1.579 |— .175 
| 2’ - 062 . 00444 (+ . 260 -083 — .218 |+ .075 -100 |— .425 |— .065 | -18338 — .447'\— .054 
4 0. 000 0. 00000 | 0.000 | | 0.000 0.000 0.000; 0.000 0.000 | retoadl 0.000 0.000 | 000 =—s(0. 000 0. 000 0. 000 0. 000 0.000 0.000 
FB Boras a ee | ees) a ee ee 5 ek er ere | ee fet 5 aoe 
| | 21. 094 | 10. 00000 |+-4. 693 | 66,000 |—74. 040 ‘Keaioed _— |—-144. 492\+-1. 201 | | 150. 000 —152. 086 |+ 2.607 
For check: 
M,=M,+m.—H,y > Col. 45+2 Col. 48+2 Col .49=> Col. 50. 
i ae z>k | dz = Col. 45+2 Col. 53+2 Col. 54=2 Col. 55. 
2 V o2z2—(22—k) | 2 > Col. 45+2 Col. 58+ Col. 59==2 Col. 60. 
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k is less than z. 
(2- 
Mz may now be computed for a load at those points 
where & is less than z by multiplying the figures in 


column 47 by — 


Column 47 is computed by subtracting 
k) from the figures in column 46. The values of 


and for the remaining points by 


dx 
29 ° 

The value of —H,y in column 49 is computed by 
multiplying each value of H, by —y as given in the 
heading. The bending moment M;= M,+m;— H,y is 
now computed by adding algebraically the correspond- 
ing values of columns 45, 48, and 49 and the results 
tabulated in column 50. The bending moments at 
the two other points are computed in the same way, us- 
ing columns 51 to 60, inclusive. We now have in the 
tabulation which includes Tables 5, 6, and 7 (sheet 4 
of assembly of data) the vertical shear, the horizontal 
thrust, and the bending moment at point 0 and the 
bending moment at three other points caused by a load 
of unity at each of the points of the arch ring. 

Table 8.—Computations for the dead-load moments, 
thrust, and shears.—The values of H,, V., M, and the 
unit-load bending moments at the points 3, 8, ‘and 10% 
are copied in columns 62 to 67 of Table 8. The dead 
load which is applied at each point is then computed 
and tabulated in column 68. This may be conveniently 
tabulated in a supplementary table as follows: The 
dead load at any point is equal to 150hds+110dzx h,, 
in which the weight of the concrete is assumed to be 150 
pounds per cubic foot and the weight of the earth fill 
110 pounds per cubic foot. Values of A and ds are 
found in columns 2 and 10, respectively, of Table 1, 
and h; is the depth of the fill above the arch ring and 
dx for this arch is 3 feet. 


multiplying the values of V, by 


66 





Computation of dead load 














Point hds | 150hds | hy my | 
Pounds 
“EA Tee Daa CaM TRE 6.79 1,020; 600] 1,980) 3, 
ALAS ARIS 4.96 744| 4.80| 1,585| 2,329 
Berth ed ec cceace caenkivudes 4.11 616| 3.82| 1,260 1, 876 
Rt ea RECA 3. 69 553 | 3.00 990 1, 543 
URL Ck ER 3. 40 510| 2.25 742 1, 252 
Mic ciceaecnshas Jakavanie beats 3.20 480 1.70 560 1, 040 
Na 3. 08 462 1. 20 396 858 
cia tg Levendkihsvenanes 3. 04 456 90 297 753 
Oe eR ate 3.00 | 450 70 232 | 682 
Wie esce ts Sona xs aceiontcataits 200] 00 : 67 220 670 


Column 69 to 74, inclusive, are computed by multi- 
plying the dead load in column 68 by the proper figure 
from columns 62 to 67, inclusive. The algebraic sums 
of columns 69, 70, and 71 are the horizontal thrust, 
vertical shear, and bending moment, respectively, at 
point 0 resulting from the dead load. The algebraic 
sums of columns 72, 73, and 74 are the dead-load 
bending moments at points 3, 8, and 10%. 

Table 9—Computation of stresses—Column 75 in 
Table 9 is now to be filled out. The values of cos ¢ 
for each point desired are taken from column 28. The 
values of sin ¢ may be found by scaling the drawing. 
Since the stresses are desired in pounds per square inch, 
and all previous dimensions have been in feet, the area in 
column 75 should be 144 times A (taken from column 2) 
plus n times the area of steel in square inches. The 


Ld are computed from columns 2 and 9 and 


this result should be divided by 144 to get results in 
pounds per square inch. The values of M, H, and V 
for the dead load are taken from the sums of columns 
69 to 74, inclusive, and set down in the proper places in 


values of 


TaBLE 8.—Computations of H, V, and M for dead load 






































~~ | 
| 61 63 | 4 64 65 67 68 69 70 71 72 73 m4 | 
| 
[a= = ‘cai ata a. aaa sea ae 
| Unit loads Dead load | 
| Point | ‘basa — D.L. 
| H. Vo Mo | M3 Ms 103 H, Vo Mo M3 Ms M104 | 
ae 1.00000 |— 1.500 0 0 0 3, 000 | 0 3,000 — 4,500 | 0 | 0 0 | 
2 . 062 99556 |— 3.975 |+ .274/+ .000|— .055 2, 330 | 144 2,320 |— 9,262 |+ 638 | O\— 128 | 
3 .219 | 98256 |— 5. 573 + 1.027 |+ .034|— .176 1, 880 412 1,847 |— 10,477 |+ 1,931 |+ 64 \— 331 | 
4 .478 95748 |— 6.108 |— .605|+ .161|— .329 1, 540 736 1,475 |— 9,406 |— 932 |+ 248 — 507 
5 815 -91861 |— 5.640 |— 1.611 |+ .446 — .458 1, 250 1, 019 1,148 — 7,050 |— 2,014 | 558 — 573 | 
6 1.191 86551 |— 4.354 |— 2.043 + .963|— .476 1,040 1, 239 900 |— 4,528 |— 2,125 |+ 1,002 — 495 | 
7 1.561 79915 |— 2.518 |— 2.003 |+ 1.770 |— .298 860 1, 342 687 |— 2,165 |— 1,723 |+ 1,522 /— 256 | 
| 8 1. 878 72171 |\— 0.461 |— 1.640 |+ 2913 + .150 750 1, 409 541 '—  346/— 1,230 |+ 2,185 |+ 113 
| 9 2.111 . 63638 |+ 1.540 '— 1.096 |+ 1.399 |+ .912 680 1, 435 433 |+ 1,047|\— 745|+ 51 |+ 620 
| 10 2. 232 . 54602 |+ 3.247 |— .492 |+ 243 |+ 2.034 670 1, 495 366 |+ 2,175|— 330|+ 163 |+ 1,363 
| 
| 0 2.232; .45308/+ 4.509 \+ .080|— .565 + 2.035 670 1, 495 304 |+ 3,021|\+  54|— 379 |+ 1,363 | 
| 9 2.111 . 36362 |-+ 5.222|+ .540/— 1.057 |/4+ 911 680 1, 435 247 \+ 3,551|+  367/— 719\+ 619 
| « 1.878 | @ .27829|+ 5.341 |+ .836 |— 1.261|+ .150 750 1, 409 209 |+ 4,006 |/+  627\— 946/\+ 113 
7 1.561;  .20085|+ 4.930 |+ .957 |— 1.244 /— .300 860 1, 342 173 |+ 4,240 |+ 823 |— 1,070 |/— 258 
6’ 1.191} .13449|+ 4.076 + .905 |— 1.056 |— .476 1,040 1, 239 140 |+ 4,239|+ 941 |— 1,008|— 495 | 
5 -815|  .08139 |+ 2.976 |+ .725|— .776\— .458 1, 250 1, 019 102 |+ 3,720\+ 906|— 970\— 573 
4’ -478 | 04252 |+ 1.840 |+ .481 —  .477 |——. 330 1, 540 736 65 |+ 2,834 |/+  741|— 735|— 508 
3’ -219| 01744 |4+ .881|\+ .243|— .227\|— .175 1, 880 412 33 |+ 1,656|+ 457|-— 427 |— 329 | 
2’ 062} 100444 /+ .260 [+ -075 |— .065 |— ——.054.| 2,330 144 10|+ 606\+ 175 151 |— 126 | 
RA we 0 o | 0 0 3, 000 0 oi 0 | 0 0 | 
| 21.094 | 10.0000 | 34.822 |-F 6.143 | 7.920 - 6.192) 28,000, 18,462 14,000 + 31,095 + 7,660 |+ 6,693 + 4,191 | 
j= 30.129 —= 9.490 — 6.728 — 3.585 — 47,734 = 9,099 |— 6,495 |— 4,579 | 
| + 4.693 |— 3.347 |+ 1.201 |+ 2.607 — 16,639 |— 1,439 |+ (198|— 388 | 
: a +2,762 aa as 
: 2,762 6,480 
— ( EyA At point 3, M,=— _{+2 702 (2 346) ={ + Sake 
ae Ae Se 2,762 — 2,745 
At point 8, M,=— ~{t? 682) X (+0. 994) ={5 pee 
’ 
2,762 — 3,470 
At point 1014, M.=—{*3:683\x (41.364 
P 74, Mi 3,682) % (+1.364)=1 4 4’ogs 
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- : | lin . hh Ue man pee ae a | 
75 76 77 78 79 80 81 82 83 84 85 8 || O87 83 | so | 90 | 
| 
= a See 
| } Extrados | Intrados Maximum stresses 
| N h re | 
H M | V H cos ¢ | | Vsing N . My a «| Extrados Intrados 
| ek Me PSone {ee | 
| | | At Moz | 4~ Mar | 
| | | + = a“ “ 
| ' eee et ee ee ———|- 
Point 0 D.L. | 18, 462 |— 16, 0 14,000 | 15, 471 ; 7, 672 | 23, om —- 18 \— 52\+ 184|— 52/— 52\+ 184|+ 184 
sin ¢=.548 +C.L. L. | ot | | 
cos $=.838 [+ U- L. L. 5, 584 | 13,058 2 1, 035 | 4, 679 | 567 | 5, 246 | 15 9 + 108 |— 78 |+ 108 I~ 78 
Area=348, oe See ae ol ea | 
h lo O Ta Ee 2, 326 - 11, 298 2, 715 | 1, 949 | 1, 488 | 3, 437 | 19 = 80'—- i+ 9 - 707+ 9} 
577 00709. | + T. 2 762 + 16,174 0 2315; 0 |p 2.315 + 15/+ 122|/— 108 \+ 122 — 108 
|— T. |= — 21, 562 0 |= 3,08 | 0 |— 3,086 hg 9'— 153.— 162\+ 144 — 162 \+ 144| 
Total excluding temperature — 122 \+ ‘274 | 
Total (+ 178 |— 284+ 418|- 2 
Point 3 - D. L. 18, 462 |— 1,439 | 8, 670 | 17,465 | 2, 982 | 20,447 | 104|— 33 J+ Lt BT IF OTF OTF 1387 |F BT 
sin ¢=.344, LL. | | 
pane ah +U. L.L. 4,060 t 2, 304 3, 841 330 + 4,171 | 21 s\+ ml— 3s2i+ 74 — 32 
Area= 196. ao Pe ie } 
h I-U L.L. 3,850 |— 3, 559 2, 042 3, 642 702 4, 344 22 — 60 |+ 104 — 60 + 104 
57702308. + T.. | 2,762 |+ 6,480 6 2613) 0 2, 613 i+ 149 (t 16e2\~ 186 [+ 162 - 
| \- T. |— 3,682 |— 8, 638 0 — 3,483 0 — 3,483 |— 18/— 199|— 217/4+ 181 — 217|+ 181 
Total excluding temperature + 145 + 241 | 
| Total + 307 |— 206|+ 422|/— 31 
Point 8 baa D. | 18,462 |+ 198] 2,100 [++ 18,388 216 Pom 120 + T[+ a7 [+ BF 17 | 127 |+ 13 |F 118 
| gi =,.103. } +» ha, hae | | 
| = poy = +. L. L. 3, 955 tf 2, 973 | 534 | 3, 939 3, 994 | 26 11 |+ 137 R 85 + 137 is 85 
| — — 5 eS 3,955 — 2, 523 | 591 3, 939 4, 000 | 6\— %4/— 68 + 120 =— 3 \+ 120 | 
477. + yi 2,762 |— 2,745 0 i+ 2,751 — 2, 7 18\— 102 n 84 |+ 120 — 8 /+ 120) 
Px - T. |— 3,682 |+ 3, 660 0 |— 3,667; O |= 3,667\— 24/+ 136/+ 112] 160 + 112 & i— 160 
Total excluding temperature + 264 i+ 233 | 
| Total (+ 376\/— 25 |+ 353|— 132 
| Point 106 |, D. L. \4- 18,462 |— 388 0 18, 462 0 18, 462 121 |— 15 {+ 106(/+ 136 |+ 106 |+ 106 a 136 |+ 136 
sin ¢=0 o> See ave 
oes $= 1:00 +U. L. E 4, 666 £ 2, 322 0 4, 666 0 31 91 i+ 122\— 60\+ 122 | — 60 
Area=15 om Se Ste Ste | — ve 
reg 82. |S ULL. | 3,245 |= 1,344) 0 3,245 0 3, 245 ai— s2.— 31\+ 73 — 31+ 7) 
577 03001. | + T. | 2,762 |— 3,470 0 2, 762 0 2, 762 18|— 135/— U7/+ 1853 — U7 |+ 153} 
| - T. |— 3,682 |+ 4,985 0 — 3,682 0 — 3,682 — 24\+ 19%!+ 170\— 218|/+ 170; | |— 218 | 
Total excluding temperature + 228 |+ 209 | 
| Total + 398|— 42 wild 362 ie 142 | 
; Pe 
N=H cos + Vsin ¢ f=Zt M 37 


columns 77, 78, and 79. It should be remembered that 
the V, given in the sum of column 70 is the dead-load 
vertical shear at point 0, and to get the vertical shear 
at any other point the loads between point 0 and the 
point under consideration must be subtracted from V,. 

We will consider next the live-load thrusts, moments, 
and shears. A uniform live load of 125 pounds per 
square foot has been assumed, and since we are con- 
sidering a strip of the arch ring 1 foot wide, the live 
load at one point is 125dxz, or 375 pounds. We wish to 
find the maximum stress at each of the points, 0, 3, 8, 
and 10% and the stress is a function of the moment, 
thrust, and shear. It is not necessarily maximum at the 
same time that the moment is, but it is so nearly so 
that this is assumed to be true. Inspecting column 64 it 
is seen that the maximum positive moment at point 0 
is produced by placing a live load at all of the points 
which give a positive moment, and no load should be 

laced at the points which give a negative moment. 

hus the maximum positive live-load moment at point 
0 is found by pe ying the sum of all of the positive 
quantities in column 64 by 375 pounds as is done in 
the table following. 

The horizontal thrust which occurs at the same 
time as this maximum moment is found by adding the 
quantities in column 62 for the points which give a 
gai moment and multiplying the sum by 375. 

he same procedure is followed for the vertical shear, 
using the quantities in column 63. The maximum nega- 
tive moment and the thrust and shear which occur at 
the same time are found by placing the loads at all of the 
points which give negative moments. The live-load 





moments, thrusts, and shears at the other points are 
found in the same way, but it should be remembered 
that the values of V, in column 63 are the values of 
the reaction at the left support, and if there are any 
loads to the left of the point under consideration the 
shear is found by adding the proper quantities in 
the V,-column and then subtracting 1.00 for each 
load to the left. Then the quantity thus obtained is 
multiplied by the live load per load point as shown in 
the following computations: 


MOMENTS, THRUSTS, AND SHEARS DUE TO LIVE LOAD 


Live luad=125 pounds per square foot 
= 125 3=375 pounds per load point 


Point 0: 
+M=375X34.822= ° +13,058 
H=375 xX 14.890= 5,584 
V=375X 2.759= 1,035 
—M=375X30.129= — 11,298 
H=376xX< 6.204= 2,326 
V=376X 7.2441= 2,715 

Point 3: 
+M=375xX 6.143= + 2,304 
H=375X10.828= 4,060 
V=375X (4.555-2) = 958 
—M=375X 9.490= — 3,559 
H=375 xX 10.266= 3,850 
V=375X 6.445= 2,042 

Point 8: 
+M=375X 7.929= +2,973 
H=375xX 10.547= 3,955 
V=375 xX (8.423-7) = 534 
—M=375X 6.728= — 2,523 
H=375X10.547= 3,955 


V=375X 1.577= 


591 
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Point 10%: 

+M=375X 6.192= + 2,322 
H=375X12.442= 4,666 
V=375X (3-3) = 0 
—M=375X 3.585= —1,344 
H=375xX 8.652= 3,245 
V=375X (7-7) = 0 

The horizontal thrust due to a change in tempera- 

; 20 e£ 
ture is computed from the formula H,-> 3. If 


E, be taken as 2,000,000 pounds per square inch or 
144 x 2,000,000 pounds per square foot and e be taken 
as 0.000006, the formula becomes H, =" . Hts 
constant for all points of the arch ring, and its value is 
calculated and recorded in column 77. J; is com- 
puted from the formula M,= — H, (y-=2"). Values 
zyA 
ZA 
0 and the value for this point can be quickly com- 
puted. The value of V, is zero in every case. 
Hcos ¢ and Vsin ¢ are computed and tabulated in 
columns 80 and 81, respectively. N in column 82 


is computed by adding the corresponding values in 
columns 80 and 81. Column 83 is computed by 


of (y- ) are found in column 23 except for point 


dividing N in column 82 by A in column 75. My in 
column 84 is computed by multiplying M in column 
78 by 2 

Yor 
GG + M31) is computed for column 85 by adding the 


corresponding values in columns 83 and 84. The 
stress in the concrete at the intrados is computed in 
column 86 by subtracting column 84 from column 
83, observing the correct algebraic sign. 

Columns 85 and 86 give the stresses due to various 
conditions of loading and temperature, but those con- 
ditions do not all obtain at one time. To find the maxi- 
mum stress which may obtain, columns 87 to 90 are 
used, as indicated in the headings. For each case the 
maximum stress is caused by a combination of the dead 
load, one position of the live load, and one condition 
of the temperature. These stresses are tabulated in col- 
umns 87 to 90, inclusive, and the algebraic sum taken 
The correct algebraic sign must be observed in all cases. 

These maximum stresses have been computed upon 
the assumption that the arch ring is uniformly elastic 
and acts in accordance with Hook’s law under all con- 
ditions—that is, we have assumed that the concrete 
will withstand the tensile stresses as well as the com- 
pressive. If the computed tensile stresses do not ex- 
ceed the allowable tensile stress for concrete, the above 
assumption is practically true, but if we find that the 
tension in the concrete exceeds the allowable stress 
at any point the assumption is not true and we must 
assume that the concrete cracks at that point and all of 
the tension is taken by the steel reinforcement. The 
stresses in the steel and concrete at that point should 
then be computed by another method. 

This may be done by dividing the maximum moment 
by the maximum thrust (columns 78 and 82) to find 
the eccentricity of the thrust and then computing the 
stresses by the theory of bending and direct stress in 
reinforced concrete for which formulas and diagrams 
may be found in any textbook on reinforced concrete. 

Stresses in steel and concrete—Columns 87 to 90, 
inclusive, give the stresses in the concrete computed 


The stress in the concrete at the extrados 


upon the assumption that the concrete will withstand 
the stress to which it is subjected. It is found that 
the tension in the concrete at the abutment under cer- 
tain conditions is 284 pounds per square inch. Under 
these circumstances the concrete will crack and all of 
the tension must be taken by the steel. 





A Two-RIBBED OpEN-SPANDREL ARCH DESIGNED BY THE 
MeEtuHop DrescriIBED HERE BUT WITH SOME VARIATION 
ON ACCOUNT OF THE PosITION oF Loap PoINTs As 
FIXED BY THE LOCATION OF COLUMNS 


When the tensile strength of the concrete is exceeded, 
the stresses in the steel and concrete may be found 
from the diagram on page 405 of Hool and Johnson’s 
“Concrete Engineers’ Handbook.” It will be noted 
that in this case there is reinforcement on the tension 
side only. The nomenclature used in the following 
computations, if not previously explained, is found on 
page 403 of Hool and Johnson. 


At point 0: 








M N 
D. i.= — 16, 639 +23, 142 
L. is = —11, 298 +3, 437 
fi —21, 562 — 3, 086 
oe —49, 499 +23, 493 
oni : 99 - 
u= 193 493 ~ 2.11 ft. 


e’ =ut+ (3 —d') =2.11+0.98=3.09 ft.=37.1 in. 
a ft. =25.6 in. 
3A 
qd 25.671°*> 

Area of steel=1.125 sq. in. (see fig. 5): 


p= agg = 0.0087 per cent steel. 
_ Ne’ _ 23,493 X37.1 _ 
K=h@ — 12x (25.6)? — 111. 
From diagram (Hool and Johnson) f-=630 and f,=14,000. 
Therefore the arch is satisfactory at this point. 
At point 3 the worst conditions of loading and 
temperature give 206 pounds tension in the concrete, 
which will cause the concrete to crack. 





At point 3: 
M N 
D. L.= —1, 439 +20, 446 
L. L.= —3, 559 +4, 344 
T= — 8, 638 — 3, 483 
_— — 13, 636 +21, 308 
— 13,636 _ 
e’ =0.64+-0.48=1.12 ft.=13.4 in. 
d=13.6 in. 
e’ 13.4 = 
ie era 
0.5625 _ " 
P=744X1.13 = 0.00346 per cent steel. 


Ne’ _ 21,305 X13.4 _ 
x= te 9x 13.6" 
From diagram, f,=575 and f,=7,500. 
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At point 8: 
M N 
D. L.= +198 +18, 604 
L. L.= +2, 973 +3, 994 
T.= +3, 660 — 3, 667 
+6, 831 +18, 931 
_ +6,831 _ 
e’=0.361+-0.34=0.701 ft.=8.4 in. 
d=10.2 in. 
e’ 8.4 
5 
“ar 
Nef _ 18,931 8.4 _ 
K=t@~ 12X (10.2)? 127 
From diagram, f-=460 and f,=2,600. 
At point 10%: 
p 2 M N 
D. L.= —388 +18, 462 
L. L.= +2, 322 +4, 666 
T.=_ +4, 985 — 3, 682 
+6, 919 +19, 446 
+6,919 


e’ =0.356+ 0.333 =0.689 ft. =8.3 in. 
d=10.0 in. 
e $3 
* ue 10 =0.83. 
_ 0.5625 


P= 72x 10 ~0-0047 per cent steel. 

-_Ne’_19,446X8.3 _ 
K=t@ ~ 12x (10)? — 134 

Krom diagram, f,=490 and f,=2,900. 


Foundation pressure—The maximum pressure on 
the foundation at the back of the abutment will be 
caused by the dead load, the live load which causes 
positive moment at the abutment, and a rise of tem- 
perature. The live load which causes a negative 
moment at the abutment may in some cases increase 
the foundation pressure, but usually it does not. It 
will increase the thrust, but on account of the moment 
being of opposite sign, it decreases the eccentricity 
which decreases the maximum pressure at the back of 
the abutment. 








M H V 
D.L= —16,639  +18,462 14,000 
L.L.= +13, 058 +5, 584 1, 035 

T.= +16,174 +2, 762 0 
+12,593 +26,808 15,035 
_— $12,593 __ 
u= — 56'gos= + 0-47 ft. 


The thrust at the abutment (point 0) may be ob- 
tained by plotting H and V on the drawing and scaling 
the thrust, which is found to be 30,700 pounds and is 
applied 0.47 feet above point 0. 

he weight of the abutment and the fill above the 
abutment is 18,650 pounds, and the center of gravity 
of these loads is 4.9 feet back of the face of the abut- 
ment. This weight is combined graphically with the 


thrust from the arch, and we obtain a total pressure of 


43,000 pounds applied 1.21 feet from the back of the 
abutment. 


The vertical component of this pressure 





O 


is 33,685 pounds and the horizontal component is 
26,808 pounds. 
The maximum vertical pressure on the foundation is . 


33,685 X2_ 
3xX1.21 ~ 18,560 per square foot, or 9.3 


tons per square foot. The horizontal pressure of 


26,808 pounds must be taken by friction on the founda-’ 


tion and pressure against the vertical rock back of th 
abutment. : 


therefore 











(Continued from page 71) 


tration for the county was computed. This method 
results in the same total for the State and reflects dif- 
ferences in motor-vehicle registration in 1925 as well 
as differences in rates of population growth in the 88 
counties. The expected county registration growth, 
1925 to 1930, varies from 41.3 to 74.9 per cent, the 
latter rate resulting from a rapid rate of population 
increase. 

Since traffic increases at the same rate as motor- 
vehicle registration, the expected traffic at each survey 
station was determined by applying the county rate of 
registration increase to each traffic station in the county. 
The resulting forecast of traffic at each station is shown 
in the appendix of the full report. 

Industrial and suburban development, as well as 
changes affecting the present highway.system as to 
location of routes, routing of traffic, and detours and 
conditions of improvement influence traffic on short 
sections of highway, and it is not expected that these 
estimates will in all cases reflect exactly the actual 
traffic in 1930, but it is believed that they will reflect 
with reasonable accuracy highway traffic on the State 
highway system as a whole. 

In certain areas, particularly areas of sparse popu- 
lation adjacent to centers of population, a very impor- 
tant part of the traffic originates in the centers of popu- 
lation. In such cases a traffic forecast based on the 
population and motor-vehicle registration in the 
sparesely populated area will not reflect the influence 
of traffic originating outside the county boundaries. 

To allow for such variations, and also because popu- 
lation estimates based on arithmetical progressions ® 
are less accurate when applied to smaller areas and 
when forecasted over a greater number of years, the 
traffic forecast for 1935 was computed on the basis of 
the State increase in registration between 1930 and 
1935 rather than for increases in each county. The 
1935 forecast therefore represents an increase of 28 
per cent over the forecast in 1930 for all sections of the 
State. Because of the longer period of time and the 
greater probability of changes in the rate of population 

owth in moitor-vehicle use and in changes in the 

tate highway system, the traffic forecast for 1935 is 
expected to be less accurate than the forecast for 1930. 
It has therefore been applied to highway sections 
rather than to individual points and is expected to 
reflect traffic conditions in 1935 within the limits ot 
accuracy required in the establishment of a sound plan 
of highway improvement. 





3 The method used by the Bureau of the Census. 





